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ABSTRACT 


Both a sac-type and a diaphragm-type air driven artificial 
heart capable of supporting the circulation of human-sized animals 
have been designed and made. Similar heart units: have been ortho- 
topically planted into the chest of calves to evaluate their performance 
and to further define pulmonary complications. 

Acute pulmonary complication subsequent to initiation of 
pumping has remained one of the serious problems since the development of 
the artificial heart commenced. When cardiopulmonary bypass was used 
to support the animals during the operation, they suffered from acute 
pulmonary complication, with varying degrees of severity, after pumping 
with an artificial heart. 

The natural heart in 22 calves was replaced with a total 
artificial heart. 

Most of the animals showed a mean pulmonary arterial pressure 
between 40 and 65 mm Hg at a maximum, with a mean pH of 7.40, oxygen 
saturation of 73%, and carbon dioxide pressure of 35 mm Hg after five 
minutes of pumping. The pulmonary arterial pressure then decreased 
gradually to less than 30 mm Hg setween 30 minutes and one hour after 
pumping. The arterial oxygen saturation increased to 88% with an 
increase in pH and a decrease in carbon dioxide pressure after one and 
a half hours of pumping. 

Of the three animals that showed pulmonary arterial pressure 
higher than 70 mm Hg after pumping, two died due to severe acute 


pulmonary congestion with the arterial oxygen saturation less than 40%. 
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The two animals that underwent cardiopulmonary bypass for approximately 
two hours also died due to severe acute pulmonary edema. 

Low cardiac output due to compression of the inferior vena 
cava by the heart and convulsions caused by thromboembolism were two 
of the most common causes of death in the animals that were allowed to 
breathe spontaneously after the chest was closed. After the animals 
suffered from low cardiac output, the pulmonary function gradually 
deteriorated and the result was severe metabolic acidosis in the animals. 
Approximately an hour before termination of the experiment, the 
pulmonary arterial pressure increased once again, as the arterial pH . 
decreased with base excess -12 milliequivalents per liter. After 
the animals suffered from minor convulsions, they developed either 
respiratory acidosis or metabolic acidosis. As the arterial pH decreased 
with a Rordhss in base excess, the pulmonary arterial pressure 


increased gradually and finally reached 44 mm Hg. 
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The lung which was mechanically compressed by the 
artificial heart. Note the subpleural and intra- 
alveolar hemorrhage. 

The lung from an animal that suffered from low cardiac 
output (sacrificed after 4 hours of MK IX artificial 
heart pumping). Note the marked intraalveolar edema 
and perivascular hemorrhage. 

The change in mean pulmonary arterial pressure and pH 
at termination of the experiment in animals that died 
due to low cardiac output. 

The change in mean pulmonary arterial pressure and pH 
at termination of the experiment in animals that died 
due to convulsions. 

Blood pressures from an animal that had the first minor 
convulsion after 24 hours of pumping. 

The lung from an animal with a MK IX artificial heart 
after 8 hours of pumping. Note the perivascular 
hemorrhage and intraalveolar edema. 

The lungs from an animal with a sac-type artificial 
heart after 31 hours of pumping. Note the marked 
congestion, atelectasis, hemorrhage and edema. 

The lung from an animal after 33 hours of artificial 
heart pumping. Note the congestion, intraalveolar 


edema and fibrin platelet thrombi in vessels. 
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The lungs from an animal that died soon after the first 


major convulsion (sacrificed after 33 hours of 


artificial heart pumping). Note the moderate congestion 


in the lower lobes. 

The section of the pulmonary artery from an animal 
that had the first major convulsion after 33 hours of 
a MK XII artificial heart pumping. Note a fibrous 
fibrin embolus at the junction between a large pulmon- 
ary artery and a small pulmonary artery. The same 
material was found in the vicinity of valves and at 
the junction between the diaphragm and the housing 

of the artificial heart. 

A calf is cooled in an ice water tub. After the body 
temperature falls below 28°C, the animal is ventilated 
manually and hyperventilated to cause as much respira- 
tory alkalosis as possible prior to circulation 
arrest. 

Body temperature course during heart replacement with 
deep hypothermia. 

Postoperative acid-base balance of animals replaced 
with a sac-type artificial heart using hypothermia. 
The change in mean pulmonary arterial pressure and pH 
at termination of the experiment (using. deep hypo- 
thermia). 

The change in postoperative platelets count from 
animals using cardiopulmonary bypass and deep 


hypothermia. 
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CHAPTER I 
INTRODUCTION 


A. The Origin of the Problem 


Why is there a need for the development of artificial hearts? 
This question is partially answered by considering the Public Health 
data and statistics on heart disease. According to the latest "Causes 
of Death, Canada", ischemic heart disease alone accounts for about 
50,000 of the 160,000 deaths in Canada within the period of one year. 
These statistics show heart disease as the leading cause of death, 
responsible for about 50 percent of all deaths. Malignant neoplasm, | 
the next most common cause, is responsible for less than 15 percent 
of all deaths. Approximately 200,000 people are seriously handicapped 
by heart disease in Canada. A National Health Survey in the United 
States indicates that one in four American adults has definite or 
suspected heart disease. 

Basically, there are only three current therapeutic techniques 
for the treatment of patients with heart disease. These are chemo- 
therapy, surgery and mechanical intervention. Tie role and value of 
each of these stands unquestioned. Each approach has its unique 
advantages and limitations in relation to the specific disability being 
treated. However, when the myocardium is irreversibly damaged, a 
replacement heart is the only treatment. It is possible that the time 
will come when homotransplantation of the human heart becomes a 
reality. Even when the immunological problem which is at present the 


greatest barrier, is solved, the ethical and physical problems in the 
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procurement of healthy human hearts will remain. Heterologous trans- 
plantation might be an answer, but the immunological problem is more 
severe than for homotransplantation. The rapid and remarkable develop- 
ment of medical engineering and plastic technology in recent years has 
Opened another approach to the total replacement of the heart, the use 
of an artificial heart. | 

An artificial heart might be used either temporarily, until 
an appropriate homologous heart becomes available, or as a permanent 
replacement. thigewili only be possible in the future when perfect 


component materials and energy sources are available. 


B. Brief Historical Review 

In 1937 Demikhov of Russia first attempted to implant a 
mechanical heart inside the pga ttt He performed three such experiments 
implanting i animals a pumping contrivance that was driven by a 
rotating shaft powered from outside and inserted into the animal through 
a tube in the chest wall. Demikhov returned to this investigation with 
five more experiments in 1958, but as far as we can learn, he has not 
pursued the work further. 

Salisburye in his nnd nees to the 1957 Annual Meeting of the 
American Society for Artificial Internal Organs, was probably the first 
person in the United States who dared to speak openly about the 


possibility of implanting an artificial heart inside the chest. On 


December 13, 1957 Kolff and his saidrapeled at the Cleveland Clinic 


*Numbers in brackets denote references on page 
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Foundation placed an air-driven artificial heart made of polyvinyl 
chloride into the chest of a dog after removing its own heart. The 
chest was closed and circulation was maintained for 90 minutes. The 
heart was driven by a reciprocating pump and an oscillating column 
of air via a plastic tube through the chest wall. This was the 
beginning of many experiments which were conducted under Kolff's 
direction. In 1959 the Department of Artificial Organs, Cleveland 
Clinic Foundation, began to study the artificial heart in earnest. At 
the beginning of their study electrically driven artificial hearts 
were used. These were an electro-magnetic five solenoidetyperdes and a 
pendulum type./ 34 However, these electrically driven artificial hearts 
were mechanically unsound, heavy and not efficient. 

Among the early investigators of this problem elsewhere were 
Selwyn McCabe at the National Institute of Health, U.S.A, ,bO4] Bert 
Kusserow at Vermont College of Rdecinalee William Fry and Francis Fry 
at the University of ilinoissto Domingo Liotta in Ronen aba and 
Kajuhiko Atsumi in Japan. L? 236] These investigators used dogs as the 
experimental animal. Liotta developed pumps employing membranes, 
bellows and rollers, and eed a survival time in dogs of 13 hours 
in 1959, 1921 These were very good results for that time. 

In 1960 investigators began using compressed air as an 
external power source for artificial heartest ce Since all dogs which 
survived for 20 hours after total replacement of the natural heart with 
an artificial heart died from multiple thomboemboli, Akutsu et al 
changed two conditions. The material for the artificial heart was 


changed from polyurethane to silastic and the experimental animal from 
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dog to calf, 13] 

Thus, by 1963, the difficulties with thrombosis in dogs led 
to the use of calves as the experimental animal for further work. An 
additional advantage was that the animal used had a heart comparable 
in size to that of the human adult. The calves apparently had normal 
circulation for periods of over 24 hours without the occurrence of 
severe thrombosis, whereas dogs died within that time from thrombosis. 
However, in calves another and unexpected complication occurred. A 
strange type of pulmonary insufficiency prevented the calves from sur- 
viving longer than five hourse- 2 | Immediately after the artificial 
heart started pumping and the cardiopulmonary bypass was stopped, the 
calf became anoxic and acidotic due to insufficient oxygenation by 
their own lungs. Also, a high pulmonary artery pressure was noticed 
although there was no atelectasis and no pulmonary edema. Similar 
impairment ‘n pulmonary function was well known after prolonged cardio- 
pulmonary bypass in dogs and in men, but it was rare. The difference 
in species and in age of the animal could be factors. However, the 
exact reasons have not been completely resolved even at the present 
time, [38] 

In the years following many short-lived designs were 
developed. For example, in 1966 Woodward from the U.S. Army's Harry 
Diamond Laboratories developed an artificial heart based on the fluid- 
amplification technique. The fluid amplifier was a mechanical analogue 
of the electronic tube: a stream of air or another fluid entering a 
system of channels was amplified or switched from one outlet to another 


controlled by jets from the side. Woodward sustained a calf with this 


pe Ay _ ane : eo 1 a To i ws i et 


) bat Bach nf sizodnonde and aa it t 
fin ~aNow vadsuut, 107 famine ‘fst om 1c | 
“aldbssainos deat 8 ber. been, fenins ont Sid 25W cosines (a 
Tanition bed Xf sneregas. eaviéa ante 3 Tbe nent itt, 40° “tent bee 
to sonsrw9d9 ant Suons tw enuod ASitave sinninineet 
. 2t 20dmors mont omit Satis nbd tw beib aod dearer eto H9v92 
A. bevwa90. notsso tino batosaxsni binge rerigons: aavtisaiinh 18vawol 
We soy? sayie3 ons, badnsverg xongtait went \crsnoniting: toque | | 
feigtttors oid yedts: vlad stbsant [2 1 suid avid natty vapHall 
at sbaqdot2 26W azine wisromfugo ibys art bits pita betyste 4 port 
gids Aofdsnaevxo inotattWuanl ‘oh yb sttobias: brs atxons manic + 
“bapidon 26W guieediq weds ‘venom ig fight 6 soe ree 
wstimie: amas ‘eran von bn, etesioosaxs on 2am stent a 
-ofbiss bevaoforg +8376 won How 26 nofonuY Yeneuitug: at 1 ‘ bis a 
parfait th ad: sere1 26 3 Sia. nah i brs apob nit easqud een 7 
“a ey eravawoll, Hoss sd bios snide ait 70 eh6 ot bas estaege nit 
ort 5 eve baviozer, sisal il need ton ever 2noewsy aad 


| BSH aigi2sh evil arate, viéin entiot tor at5ay oe at +4 r 
"pig 2" girth eas ant mort brekbooW Baer at shomexs 1 -baqoFaveb, - 4 


% _sbinit ads no bsesd tyssd [stot tiys is bagofaveb eotrotstoded boomed” Wi 
) aupof.ans footnsiiosn & BW set Cape bruit ed? .gupintioss)\ noftso ttt fqn 
- 7 ; a DaPassas pturt ‘varltons das ‘ts to means 2 5 roti atiottosts att To © a ? 


_ veto ot 4atSuo. ano mort horlos Ae 40 bait tans 26 2Tonnsris ta mad eye” | 


TI) Great 


ve 


2) aa a t[st~s bonfetew2 bypitioot sabia. ot aia 298i ud bet fowdnies 


5 


heart for 24 hour's. -°>4 Burns et al, of the Indiana University School 
of Medicine, also developed a motor and fluid driven pump which 
resulted in survival times of up to 18 hours LI 72 Since these types 
of artificial heart were excessive in weight and size, the inferior 
vena cava was often compressed by the lower corner of the housing. A 
high pressure gradient between the inferior vena cava and the right 
atrium resulted. Simultaneously, devices with active filling of the 
ventricles were tried. For example, vacuum was applied during diastole, 
especially when high mitral valve resistance existed, to achieve proper 
filling of the ventricle. Another idea was contraction of the atria, 
which is theoretically feasible. However, to date the only artificial 
heart which has a functioning artificial atrium is McCabe's artificial 
heart made in 1957, 041 
To avoid compression of the inferior vena cava by the heart, 
light aan round shaped artificial hearts of the sac-type or 
diaphragm-type took precedence by 1968, 64! To obtain good venous 
return into the right atrium, soft material was used for the atria 
instead of Dacron impregnated with silicone, 1922561 
A group in the Division of Artificial Organs at the University 
of Utah, led by W. Kolff, and a Sa dad group from the Department of 
Surgery, University of Mississippi Medical Center led by T. Akutsu, 
used sheep as the experimental animal instead of the calf in order to 
avoid pulmonary insufficiency immediately after termination of cardio- 


[45.4] In 1969, using a sac-type, air-driven heart 


pulmonary bypass. 
which could be implanted inside the pericardial sac, Akutsu and his 


coworkers sustained circulation for up to 55 hours. Pulmonary 
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insufficiency was less severe than in calves, however, several problems 
arose using sheep as the experimental animal. Tears in the anastomoses 
of great vessels, a severe bleeding tendency after extracorporeal 
circulation, a small chest cavity and the necessity to use adult sheep 
were troublesome, L724 These investigators then returned to the use of 
calves. 

On April 4, 1969 Cooley of Houston, Texas, first implanted an 
artificial heart in a human. A 47 year old male who was diagnosed as 
having advanced coronary artery occlusive disease associated with 
complete heart block and extensive left ventricular fibrosis with 
aneurysm formation [classified as functional class III, bordering on 
IV (New York Heart Association) ] received this heart. The pneumatically 
controlled, double-ventricle cardiac prosthesis was a diaphragm-type 
of pump. It was fabricated of Dacron embedded in silastic. The same 
concept had been tested in previous work by Liotta with non-fabric-lined 
pumps implanted into agg as an orthotopic cardiac prostnesiist sees The 
patient was sustained with this artificial heart for 64 hours and then 
received a cardiac allograft. - Death from respiratory failure occurred 
32 hours following the second operation. 294 

Before 1969 many sac-type prosthetic hearts had been made for 
experimental implantation. The severe hemolysis produced by the sac- 
type prosthesis was caused by the opposite walls of the sac rubbing 
against each other. Mechanical crushing or damage by high shear stress 
disrupted red blood cells. 

In 1970 Kwan-Gett at the University of Utah designed a hemi- 
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right ventricle were attached to each other the complete heart was 
nearly spherical in form. The rate of hemolysis of a hemispherical 

left ventricle, used as a left heart bypass, was much less than that 

of a silastic sac-type ventricle. The silastic diaphragm-type ventricle 
produced a plasma hemoglobin level of 0.25 milligrams percent per hour 
for the last 16 hours of pumping, while the silastic sac-type ventricle 
produced a plasma hemoglobin level of 6.7 milligrams percent per hour. 
Since the modified diaphragm ventricle could be implanted within the 
pericardial sac of the experimental animal, compression of the inferior 
vena Cava was minimized. 

In 1971 Akutsu et al and Kolff et al achieved over 100 hours 
survival with a total artificial heart, using calves as experimental 
animals instead of sheep 72> 44] However, with the longer survival, 
blood trauma became more serious and more difficult to try to reduce. 
The valves of the prosthetic heart had been altered and several diff- 
erent blood contact etirfaces had been used. In order to eliminate the 
initial blood trauma due to cardiopulmonary oxygenation, deep hypothermia 
and complete circulatory arrest were eipleyedt ee With this method 
blood evaluation at the commencement of pumping showed levels of fibrino- 
gen and platelets higher than those found following cardiopulmonary 
bypass. At autopsy the lungs were in better condition than the lungs 
from experiments using cardiopulmonary bypass. However, a fall in 
platelets and fibrinogen and an increase in whole blood clotting time 
were soon observed. Evidence of disseminated intravascular coagulation 
occurred in the calves which survived for more than 24 hours. 


At present a nuclear-powered artificial heart has been 
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implanted in an experimental animal. There are problems with this 
device related to size and increase of body temperature, (°%» - Kol ff 
and his coworkers at the University of Utah, using a hemispherical 
diaphragm-type artificial heart, which had a surface of Dacron fibrils 
coated with fetal fibroblasts, have had a calf survive longer than 10 
days (31 
Many researchers in areas other than the United States, such 


15.39 . ; ‘ 
as the insicee tt Europes ] and ie aU are investigating 


artificial heart possibilities. 


C. The Present Work and Purpose of the Experiment 

At present both a sac-type and a diaphragm-type artificial 
heart have been designed and produced. Different materials have been 
used for these artificial hearts in an attempt to decrease thrombo- 
embolism fornia tien: However, many factors contribute to the failure of 
these artificial hearts: e.g. acute pulmonary complication, inadequate 
venous return due to compression of the inferior vena cava by the 
artificial heart, thromboembolic phenomena, disseminated intravascular 
coagulation, as well as progressive diastolic hypotension with resulting 
widening of the pulse pressure. The sum of these phenomena has been 
called the "artificial heart eyadeomeneec ts 

Pulmonary complications have remained one of the serious 
problems in the development of an artificial heart. Although some 
experimental animals with an artificial heart did not suffer from acute 
pulmonary complication and survived for a long time, most experimental 


animals did suffer from this complication in varying degrees of severity. 
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As a result artificial hearts have been orthotopically 
planted into the chest of calves in an attempt to further define these 


pulmonary complications. 
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CHAPTER II 
METHODS AND MATERIALS 


A. Artificial Heart and Driving System 


l.. Artificial heart 


Two different types of artificial heart have been designed 
and used for total heart replacement in calves. The earlier model 
ia cen [57,58,61] 
was a biventricular, air-driven, sac-type artificial heart. 
The later model was a biventricular, air-driven, diaphragm-type 


[62] 


artificial heart. 


a. Sac-type artificial heart 


This heart design is that of a ventricle sac-type driven 
by compressed air delivered by a simple control mechanism (Fig. 1). 
The heart is four-chambered and contains four one-way check valves. 
The shape is more globular than that of the natural heart (Fig. 2). 
consists of two independent sides to facilitate atrial anastomosis. 
Each atria consists of a length of dacron graft fitted with a dacron 
velour suturing cuff. The aortic and pulmonary arteries connect to 


the natural arteries by means of Teflon cannulae. 
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Fig. 1 Schematic drawing of sac-type, air- 
driven artificial ventricle during 
systole. 
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Fig. 2 Sac-type, air-driven OPEL Fi Gla ieheact Riteennerical 
ventricles and brass connector for air driving 
tubes. 

The sacs and arteries are made of natural rubber by dipping 
male wax molds into liquid latex. The natural rubber used is pre- 
biolized by bonding heparin to the surface to enhance its antithrombo- 
genic properties. Commercially available heart valves are incorporated 
and the ventricles are encased in a brushed-on coating of clear 
polyurethane. The ventricles are fitted with vents into all chambers 
for pressure monitoring, and tubes are inserted into the spaces 
between the sacs and casings to provide ports for the driving air. 

The heart weighs 500 grams, occupies 700 milliliters of space 
and has ventricular volumes of 150 milliliters. The heart with its 
output dependent upon venous filling pressure obeys Starling's Law. 


It most closely duplicates the action of the natural heart, providing 
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a pulsatile flow of near natural rate, volume and velocities, and may 


possess a shape similar to that of the natural heart (Fig. 3, 4). 


Fig. 3 Aortic pressure patterns from the natural heart. 


art Wi 


Fig. 4 Aortic pressure patterns 
artificial heart in vivo. 
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b. Diaphragm-type artificial heart 

Two kinds of diaphragm-type artificial heart have been designed, 
made and used. They are the earlier MK IX model and the currently used 
smaller MK XII model. Each consists of two independent sides (left and 
right ventricles)each having a silicone rubber fomerne aca diaphragm 


that transverses over the center in two hemispherical chambers (Fig. 5). 
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Fig. 5 Schematic drawing of diaphragm-type air- 
driven artificial ventricle during systole. 
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One chamber, the compressed air driving side of the diaphragm, is 
machined from clear plexiglass. The other chamber, the blood pumping 
Side, is machined from aluminum. The aluminum side contains two one- 
way tilting disc-type valves and adaptors for connection to dacron 
grafts. These are anastomosed to the great vessels of the experimental 
animal. The blood pumping chambers are coated throughout with a thin 


film of silicone rubber (Fig. 6) 


Fig. 6 Diaphragm-type, air-driven artificial heart showing 
both ventricles, nylon velour silastic cuffs and 
dacron grafts. 
The atria of a MK IX artificial heart consists of a length of 
dacron graft fitted with an aluminum valve supporter. The atria of a 


MK XII artificial heart consists of a length of silicone graft and is 


separate from the ventricle (Fig. 7) 


at ; 


at srgetd aft Yo be 
pntgmua boold ani vedio: vats 
eno owt enfestoa bie muntmuls aft .munimsts. to 
poronb af. pene eav lev 


* gniwone perry stores. fev Frbsartc {29/8 mootdgs (8 ®.eA oa 
Bas 2ttua ps atte “uot ov- moryn ~aetotasnav dtod 7 
m § ea temg notasb cS 


_ rosie! & 0 evettageo dvsed [efottttye X1 . 6 to siete od 
6 To siits ont yasroqque av Fev murtimets as tttiw beett? sew neroth: 
= iF Bins or sanailta to Apne! 6 to etatengo dised istottiivs TIX 3M 


* weer . eo (\ .p7a) dis hanes ait movt stsieqee 


16 


tapes. 


The earlier MK IX model weighs 200 grams per ventricle and has 
a stroke volume of 160 milliliters. The MK XII model weighs 135 grams 
per ventricle and has a ste volume of 85 milliliters. The usual 
cardiac outputs are 14 liters per minute for the MK IX and eight liters 
per minute for the MK XII. The heart rates required to achieve these 
outputs are 87 per minute for the MK IX and 94 per minute for the MK XII. 
Both models with an output dependent upon venous filling pressure 
obey Starling's Law. The later model, with its smaller stroke volume and 
higher rate, provides a more physiological output pressure wave form 
(Fig. 8, 9). Both models are powered by compressed air and an extra- 


corporeal timing device regulates the heart function. 
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Fig. 8 Aortic pressure patterns from a diaphragm-type MK IX 


in vivo. 
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A MK XII heart is 25% smaller 


Fig. 9 Aortic pressure patterns from a diaphragm-type MK XII 
artificial heart in vivo. 


than a MK IX heart. 
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2. Timing and Driving Device 


The timing and driving system is capable of delivering 
compressed air of variable pressure to and from each side of the pump 
independently and of varying the duration of systole or diastole. 

Air pressure is metered by regulators and directed to and from the 
ventricles by threeway air-piloted solenoid valves which are manually 


controlled by a simple electronic circuit (Fig. 10). 
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Fig. 10 Schematic drawing of artificial heart 
timing and driving device 


Negative pressure of five to ‘nine millimeters of mercury is 


imparted to both ventricles during the diastole phase. 


The artificial heart is connected to the external driving 
system by two Vinylon tubes six feet in length and three-eighths inch 


in internal diameter. 
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B. Surgical Procedure 


1. Preparation 


Calves weighing between 65 and 90 kilograms were used for 
these experiments. They were fasted for a 24 to 48 hour preoperative 
period and allowed only water and milk. Penicillin, two million units 
administered intramuscularly, was given ts the animals every other day 
for one week prior to each experiment. Blood for transfusion was 
obtained from a local slaughterhouse and stored in ACD containers 
(anticoagulant citrate phosphate dextrose solution) to which one million 
units of penicillin per liter of blood was added. Trifluopromazine, 

0.2 milligrams per kilogram, and Atropine 0.02 milligrams per kilogram 


were given intramuscularly to the animal for premedication. 


2. Anesthesia 

Thirty minutes after premedication anesthesia was induced 
with halothane. A conical face mask and partial rebreathing system with 
two or three percent halothane and seven to ten liters per minute of 
oxygen was used. The animal was then placed on its back on the operating 
table and an endotracheal tube was inserted. Before the chest was 
opened anesthesia was maintained with 0.5 to 1.5 percent halothane and 
spontaneous respiration. Once the chest was opened the lungs were 
mechanically ventilated by an Engstrom Respirator model 200. A tidal 
volume of 750 milliliters with respiration rate of 18 to 20 times per 


minute was used to prevent alveolar collapse. 


3. Establishment of Cardiopulmonary Bypass 


The surgical field was shaved, washed with three percent Hexa- 


er 


i yor bsev o7sW snr tH 08 brs Ey cote 9 Trp 
avitsrsyosy¢ ‘wuod ap os As. 6 hos bayest 4 vom F 
etiny noe ef im ond pati ttotasd JT ti bagi 19t6w Vine, es if pa . 
yeb refto yrevs el BaF atts os nevto 26H tyivalioa ie is 2 
' a5w noteutensyd oF bool «tom 199K fos of rota a 


sontsgnoo GA ni borate baB savorrasdousl2 fsoot ene 


[ay pees 
note tin aio Rotdw ot (norutee meee) steriagzong ateitio ap TE — 6 . 


ont semaigouttAaT sb shobbs 26 boold 40 wart 199 iy 
meypat ka: 189 amaoF {1 ta ie satgorth os emeacor tA +94 wat | 
nts eo tienen 10b Fein bas. ork ot sbtupatiegint navi 


id = 
tee 


f 


‘beoubnt 25W- sveitaaigs no yeothoney¢ oy sdnuivted, ghia Bic, c om 
Adiw fied eye ie ad iptinsq bins Yegm 906 Téa tnoo A sensitotsd att 
Fol aduatm tage ziadt ned of wovee bas ienonsatent heea asi sont pv 
| en sersg0 ads 10 Aond ott no beoslq aarit sai femtis ont « .b9e0 260 scat 
“enw dort volt noted -betveent 26w ads [nsiton3 obra ns bas weed) 
bre. onsite 9089, af a a0, dttw tusnestirtom 26W steal eons bstieqo- 
‘erg ‘pawl ottd bensqo 26W tesita ory e200 -Nords% iqeey avosnstnoqe 
febid A’ .005 Tabom yoterty2sR mortepna vs yd betel tiney vf tse Faeroe i 
94 amid 0S 02 Sf 70 ster nofisviqann itty aio iT HT (080 Yo sane 
ai ; 8246 0 1ehoovts never os beey 26W mayan 


: alee oaud en ibavst 26w bist babies ont 


— 


20 


chlorophane and painted with ten percent Providone-Iodine N.F. The 
left external jugular vein and carotid artery were exposed for a later 
insertion of cardiopulmonary bypass cannulae. The left subscapular 
artery and vein were exposed and used for arterial pressure monitoring 
and for an infusion line. The chest was entered through a midline 
sternotomy. Umbilical tapes were passed around the superior vena Cava, 
azygous vein, hemiazygous vein, pulmonary artery and the aorta. Heparin 
(four milligrams per kilogram) was given intravenously prior to insertion 
of the venous cannulae. A #28 Bardic catheter was inserted into the 
left external jugular vein and positioned in the superior vena cava. 
A #40 Bardic catheter was inserted into the inferior vena cava via the 
right atrial appendage. A #20 Bardic catheter, placed retrogradely in 
the left common carotid artery, was used for arterial inflow. 

Either a Bentley or a Travenol adult disposable oxygenator 
with a Sarns modular pump was used for cardiopulmonary bypass (Fig. 11). 
The oxygenator and circuit were primed with 1500 to 2000 milliliters of 
either five percent dextrose in water or Ringer's solution for a hemo- 
dilution rate of 16 to 21 percent. Blood flow to and from the heart 
was interrupted by occluding the vessels with the umbilical tapes 
passed through Tygon tourniquets. The pump flow rate was usually 50 
to 60 mililiters per kilogram per minute with about 60 centimeters of 
gravity drainage to the heart-lung machine. Total bypass time was 
between 60 and 90 minutes. During the cardiopulmonary bypass the lungs 
were manually inflated with a pressure of 30 centimeters of water every 
ten minutes. Ventilation was reinstituted with 100 percent oxygen about 


five minutes before starting the artificial heart pumping. 
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Fig. 11 Illustration of equipment for total artificial heart 
replacement using cardiopulmonary bypass. 


4. Surgical Procedure for Total Artificial Heart Replacement 


a. Resection of the natural heart 

After blood flow to and from the heart was interrupted by 
occluding the vessels with umbilical tapes passed through Tygon tourni- 
quets, the apex of the heart was grasped by a big Kocher's forcep. The 
left and right ventricles were opened at the apex, and the blood in 
both ventricles was aspirated. Most of the ventricular muscle was 
quickly excised. The pulmonary artery was resected close to the right 
ventricle. The remaining ventricular muscle and fatty tissue was care- 
fully excised along the atrioventricular groove (Fig. 12). The aorta 
was then resected close to the left ventricle; care was taken to gently 
separate the aorta and the right atrium. Perforation on the right 


atrial wall was a major risk. 
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Fig. 12 The ventricles are resected at the atrio-ventricular 
groove and the arteries are divided close to the 
ventricles. 

b. Insertion of the artificial heart 

In the early series the rim of the atrial cuff which was 
attached to the ventricle was inverted into the atrium. The rims of 
the natural atrium and the cuff were held together with four or five 
Allis' forceps and then sutured in a continuous manner with 000 Mersiline. 
Later, the cuff which was separate from the ventricle was completely 
inverted into the atrium. After completing the right and then the 


left anastomosis, four tapes attached to the free edge of the atrial cuff 
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were grasped by Pean's forceps and pulled upward (Fig. 13). 


Sy 72 


Fig. 13 The atrial suturing cuffs are anastomosed to 
the natural atria in an inverted fashion then 
pulled upwards ready to accept the artificial 
ventricles. 


The ventricle and the atrial cuff were anastomosed by wiring the atrial 
cuff over the Teflon ventricular valve supporter (Fig. 14). The 
artificial and natural aorta were anastomosed by tying the vessel over 

a rigid Teflon connector (Fig. 15). The natural and artificial pulmon- 
ary artery were joined in a similar fashion. The driving lines were 
passed through stab incisions in the chest wall and one end of each line 


was attached to the driving system of the artificial heart. 
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Fig. 14 Anastomosis between the ventricle and the atrial cuff 
accomplished by wiring the atrial cuff over Teflon 
ventricular valve supporter. 


Fig. 15 Anastomosis between the dacron graft and the natural 
aorta accomplished by tying the vessel over a rigid 
Teflon connector. 
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c. Priming the artificial heart 

Following completion of the anastomoses the tourniquet of the 
inferior vena cava was temporarily released and the venous drain to the 
pump oxygenator was partially occluded. The line to the atrial pressure 
transducer was used for priming the heart with ACD blood. The right 
artificial heart was also primed by allowing blood to flow from the 
inferior vena cava into the atrium; the left artificial heart was also 
primed with blood from the bronchial arteries. The air vent which was 
placed at the top of each artificial ventricle was screwed closed after 
the artificial heart was completely primed and all air was out of the 


heart (Fig. 16, 17). 


Fig. 16 A sac-type artificial heart installed in the chest. 
The four small lines on the left are for monitoring 
pressures. The large line on the right is an air- 
driving line. 
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Fig, 17. A diaphragm-type artificial heart installed in the chest. 


d. Commencement of pumping the artificial heart 


As soon as both ventricles were fully primed the tourniquets 
around the veins were released and the aortic clamp removed. The left 
ventricle was pumped at low pressure and with a low pump rate. The 
pulmonary occlusion was then gradually and partially released, and the 
right ventricle was pumped at a low pressure. The right atrial pressure 
was maintained above zero millimeters of mercury to avoid suction of air 
through the anastomoses. The superior vena caval catheter was clamped 
and the pulmonary artery clamp was completely released. The pump 
pressure and rate were gradually increased as cardiopulmonary bypass 
flow was reduced. Finally, the inferior vena caval catheter was clamped 
to increase the right atrial pressure. Residual fluid in the cardio- 


pulmonary bypass circuit was gradually infused into the animal until an 
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arterial mean pressure of 70 to 100 millimeters of mercury could be 
maintained or the right and left atrial pressures were maintained above 
zero millimeters of mercury. After the animal's condition was 
stabilized and further blood administration was unnecessary, the venous 


and arterial lines for cardiopulmonary bypass were removed. 


5. Postpumping Procedure and Postoperative Management 


Protamine sulphate was given intravenously in a dose 1.5 
milligrams per milligram of heparin or until the whole blood clotting 
time returned to between eight and twelve minutes. The chest tubes 
were inserted into the pleural space. The sternum was approximated by 
stainless steel wire sutures and the chest was closed in two layers 
to obtain air-tight closure. Intermittent heavy silk sutures were 
used in the skin, especially in an area where the sternum might rub on 
the cage. 

After the operation the animal was transferred to a specially 
constructed mobile cage and placed in the kneeling position. Respiratory 
assistance was continued as required in order to maintain acceptable 
levels of arterial oxygen stan and an endotracheal tube was left 
in position until the animal was able to maintain an acceptable partial 
pressure of oxygen with spontaneous respiration. Intravenous fluids 
and blood were transfused to the animal as the situation demanded. 

A urinary catheter was inserted through the urethra or 
operatively directed to the bladder. Two people continuously attended 
the needs of the animal, performing the many tests mentioned in the 


following section. 
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C. Parameters Monitored and Tests Performed 


Several pressures were detected by Statham, Hatorey and Puerto 
Rico transducers connected to the exteriorized polyethylene catheters, 
eight feet in length and 0.085 inches in internal diameter. They were 
displayed or recorded on a six channel Beckman Dynograph. Aortic, 
left atrial, pulmonary arterial, right atrial and central venous 
pressure were monitored. 

Cardiac output was determined by the dye dilution method using 
indocyanine-green injected into the right atrium while continuously 
sampling from the aorta, L!4: 84] 

The arterial and venous pH, po. and pC0. were periodically | 
determined throughout the experiment. 

A pH Gas Analyzer (Model 113, Instrumentation Laboratory Inc., 
Lexington, Massachusetts, U.S.A.) and a Constant Temperature Bath 
(Model 127, Instrumentation Laboratory Inc., Boston, Mass., U.S.A.) were 
used for determining the blood pH, pO, and pC0.. After the analyzer 
and the bath were stabilized, the standard buffer solutions of pH 6.84 
and pH 7.384 were used to calibrate the pH electrodes. 

Two gas mixtures were used to calibrate the po. and pco., 
electrodes: 

1. 0% 05: 10% C0, 

2. 12% 05> 5% C0. 

The partial pressure of a gas is the fractional concentration (f) of 
that gas times the total pressure less water vapor pressure: 


Partial pressure = Functional conc. x (barometric pressure - 47 mm Hg). 
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Water vapor pressure is 47 mm Hg at 37°C and the barometric pressure 
averages 700 mm Hg in Edmonton (2200 ft.), Alberta, Canada. Therefore, 
the partial pressures of 05 and CO. were calculated by: 
pO. or pco., = (FO, or FCO, ) (653). 
For the two calibration mixtures shown above the partial pressures were: 
1. O mm Hg pO. 65.3 mm Hg pco, 
2. 78.3 mm Hg p0., 32.6 mm Hg pC0. 
Plasma free hemoglobin (Shinowara's notrioa eh? Fa, total 
serum protein (Biuret reaction), serum electrolytes of Na’, Ki, Ca’* 
and Cl (IL flame photometer, atomic absorption and Buchler-Cotlove 
Ciloridunetey) oe serum lactate and pyruvate (Sigma Kit method), serum 
histamine (fluorescent wean tea hematocrit (microhematocrit method), 
hemoglobin level (Drabkin's method), red blood cell and white blood cell 
counts (Coulter counter), platelet counts (ammonium oxalate methods) and 
Lee-Whi te clotting time were measured periodically. Hourly urinary output 


was recorded throughout the experiment. 


D. Postmortem Examination 
In the early experiments the animals were examined within a 
short time of death; in the later experiments, however, the animals were 
sacrificed if their condition deteriorated markedly, e.g. severe metabolic 
acidosis, arterial po. less than 50 mm Hg (spontaneous respiration with 
6 L/m nasal oxygen), poor tidal volume, or progressive diastolic hypoten- 
sion. Prior to sacrifice, succinylcholine chloride (0.5 to 0.8 mg/kg) 


was given intravenously to avoid anoxic convulsion. 
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The animal was then placed on its left side and the chest opened 

through the previous sternotomy. While the artificial heart was kept 
pumping and ventilating the lungs with a respirator, the state of 

the heart, the condition of the lungs, and the relationship between 

the artificial heart and the Surrounding organs were carefully 

observed. The heart was then stopped and the endotracheal tube was 
removed. The brain, lungs, liver, kidneys and spleen were macroscopically 
examined. Sections of these organs were taken from multiple sites for 
microscopic examination. Other organs were examined as the situation 


demanded. 
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CHAPTER III 
RESULTS AND DISCUSSION 
A. Postoperative Course 


From November 1971 to November 1972, the natural heart in 
22 calves was replaced with a total artificial heart. During the 
Operation cardiopulmonary bypass was used to support the animal. 
Nine of these artificial hearts were of the sac-type and 13 of 


the diaphragm-type (Table 1). 


1. General Postoperative Condition 
The postoperative condition of the animals, following 


implantation of the artificial heart, varied considerably (Table 2). 


Of the 22 animals which had an artificial heart implanted, 
six had good postoperative recovery. They all passed a large amount 
of urine, responded to environmental stimuli, attempted to stand up 
several times (Fig. 18, 19). Three of these six animals survived 
more than 30 hours with an artificial heart; the maximum survival 


was 33 hours. 
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TABLE 1 
TOTAL ARTIFICIAL HEART REPLACEMENTS 


9: SAC-TYPE 


22 REPLACEMENTS 


9: MARK IX 


13: DIAPHRAGM -TYPE 


4: MARK XII 
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TABLE 2 


TOTAL ARTIFICIAL HEART EXPERIMENTS 


Duration of 


Heart Pumping 
Type (Hrs ) 
Sac 8:10 
Sac O30 
Sac 0:30 
Sac 18:25 
Sac 22220 
Sac 6:40 
Sac G32 5 
Sac 30:40 
Sac 8:30 
Note: Appendage 


replacement by means of hypothermia. 


Diaphragm 6:05 
MK IX 


MK IX 4:05 
MK IX 4:20 
MK IX 2:10 


MK IX 1350 


Cause of | 
Death 


Cracking of left 


ventricle 


Kinking of left 
air pipe 


Acute pulmonary 
congestion 


Convulsion 
Convulsion 


Low cardiac 
output 


Convulsion 
Convulsion 


Pulmonary 
congestion 


Low cardiac 
output 


Sacrificed 
Air embolism 


Postoperative 
hemorrhage 


Low cardiac 
output 
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Comments 


Good recovery 


Good recovery 


Good recovery 


Good recovery 


Chest not closed 
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20 MK 
7 Ns MK 
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ree MK 
24* MK 
25 MK 


*Sacrificed 


IX 


IX 


IX 


IX 


XII 


XII 
XII 


XII 


8:00 


8:00 


8:45 


2:20 


8:20 


32:50 
1:00 


Oz 1-5 


Low cardiac 
output 


Low cardiac 
output 


Low cardiac © 


output 


Acute pulmonary 
edema 


Left air driving 
line dislodged 


Convulsion 


Acute pulmonary 
edema 


Low cardiac 


output 


due to acute pulmonary complication. 


34 


Good recovery 


Good recovery 
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TIMING DEVICE 


RES P|RATORY 
SUPPORT AS 
REQUIRED 


PRESSURE 
RECORDER 


CHEST DRAIN 
TO SUCTION 
PUMP 


BLADDER CATH. 


Fig. 18 Illustration of the timing device and the calf in 
the postoperative cage. 


Fig. 19 Calf attempting to stand up in the postoperative cage. 
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Three of the six animals having good postoperative recovery 
were occasionally allowed to breath spontaneously. Nasal oxygen 
flowing at 3 to 4 liters per minute was given. Two other animals 
breathed spontaneously, with nasal oxygen, at 3 to 4 liters per minute, 
from approximately five hours postoperative until termination of the 
experiment. One other animal needed mechanically assisted respiration 
throughout the experiment (Bird respirator with oxygen air mixture). 

Seven animals suffered from postoperative low cardiac output. 
Surviving up to 10 hours they maintained acceptable levels of arterial 
po. with spontaneous respiration and nasal oxygen. However, they made 
no attempt to stand and were very lethargic. They only passed 500 ml- 
to 2 liters of urine throughout the experiment and showed a gradual 
decrease in hourly urine output. These animals developed severe 
metabolic acidosis and the arterial oxygen saturation deteriorated 
markedly. 

Six animals survived less than four hours; three of these 
developed acute pulmonary edema or congestion. One experiment was 
terminated eight and one half hours after pumping commenced due to 
pulmonary hypertension and low arterial oxygen saturation. This 
occurred even though the animal was mechanically ventilated with 100% 


oxygen on a Bird or Engstrom respirator. 


2. Causes of Death 


Low cardiac output was the most common cause of death, followed 


by convulsion and then by acute pulmonary complication (Fig. 20). 
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CAUSE OF DEATH 
LOW CARDIAC 
OUTPUT 
CONVULSION 


ACUTE PULMONARY : 
COMPLICATION 


SURGICAL FAILURE 


MECHANICAL 
FAILURE 


ACCIDENT 


0 1 2 3 4 5 6 7 
NUMBER OF CASES 


Fig. 20 Causes of death in animals with a total artificial 
heart. 


Seven of the 22 animals died due to low cardiac output; six . 
of these animals' hearts were replaced with a diaphragm-type artificial 
heart. Five animals died due to convulsion and four of these had a 
sac-type artificial heart implanted. Four animals died due to acute 
pulmonary complication; two of these animals had sac-type artificial 
hearts and two had diaphragm-type artificial hearts. Two animals 
suffered mechanical failure: one had a fracture of the left ventricle, 
the other an air embolism. Two animals died due to accidents: in one 
case kinking of the left air pipe and the other, accidental disconnection 
of the left air line. Two animals were sacrificed due to surgical 
failure: in one case excessive postoperative hemorrhage and the diaphragm- 


type MK IX artificial heart was much too large for the chest cavity 
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in the other and as a result the chest could not be closed. 

Figure 21 and 22 show cause of death and the type of artificial 
heart placed in the animals. 

Four of the nine animals with the sac-type artificial heart died 
due to convulsion. This was the most common cause of death with the 
sac-type heart. Acute pulmonary enn catinnavas also a common cause 


of death (Fig. 21). 


CAUSES OF DEATH 


LOW CARDIAC OUTPUT 


MECHANICAL 


CONVULSION FAILURE 


ACCIDENT 


ACUTE PULMONARY 
COMPLICATION 


Fig. 21 Causes of death in animals with a sac-type 
artificial heart. 


Six of the 13 animals with a diaphragm-type artificial heart 
died due to low cardiac output. Two animals died due to acute pulmonary 
complication, and two animals died due to surgical failure (Fig. 22). 
Acute pulmonary aaih iication was the second most common cause of death 


for both types of artificial heart. 
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CAUSES OF DEATH 


ACCIDENT 


MECHANICAL 
FAILURE 


LOW CARDIAC CONVULSION 


OUTPUT 


DIAPHRAGM 
-TYPE 


13 


SURGICAL 
FAILURE 


ACUTE PULMONARY 
COMPLICATION 


Fig. 22 Causes of death in animals with a diaphragm-type 
artificial heart. 


Figure 23 shows cause of death and pumping time of the 


artificial heart. 
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Fig. 23 Cause of death and artificial heart pumping time. 
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Three of six animals that died after less than four hours 
of pumping died due to acute pulmonary complication. This condition 
became evident soon after the artificial right ventricle began 
circulating blood through the lung, prior to closure of the chest. 
Animals that suffered from severe acute pulmonary edema showed a low 
arterial oxygen saturation and high arterial pco,,. As a terminal event 
a large amount of frothy fluid was expelled through the endotracheal 
tube. 

Death of an animal after less than 12 hours of pumping was 
usually caused by low cardiac output. This was seen mainly with the 
diaphragm-type artificial heart. 

All animals that survived longer than twelve hours died as a 
result of convulsions. If mild convulsions gradually changed to more 
severe convulsions of greater frequency and duration, these animals 
developed metabolic acidosis, progressive diastolic hypotension and 
deterioration of pulmonary function. One animal that died shortly after 
a first major convulsion had acceptable levels of arterial po. and no 


metabolic acidosis at the time of death. 


DISCUSSION 


The preoperative management of calves that were used for 
these experiments is very important. They are particularly susceptible 
to upper respiratory infection’ 21 and, especially in winter, some 
calves suffered from bronchitis. Animals that were transferred from 


the local stockyard, kept indoors and under supervision, proved best 
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for this project. We observed, however, that animals kept indoors for 
more than two weeks had a tendency to suffer from diarrhea. 

A preoperative fasting time of less than 24 hours was 
generally not long enough to prevent ruminal tympany developing during 
the operative procedure, when the animal was in the supine position. In 
early experiments the animals were fasted for 12 to 18 hours. A large 
bore needle was used to puncture the stomach during the operation, 
allowing gas to escape. Gaseous distension of the abdomen compressed 
the inferior vena cava causing the cardiopulmonary bypass flow rate to 
gradually decrease. In later experiments the animals were fasted for 
48 hours and it was not necessary to use needle puncture of the stomach, 
a peroral tubel69], or a gasinostomeo’! to allow the gas to escape. 
During the 48 hour fast, water and milk were allowed ad. tibtum, thus 
minimizing dehydration and loss of strength. A Holstein calf has a 
larger chest cavity than that of any other species and is, therefore, 

a good experimental model. It is also a very gentle animal. 

Administration of a tranquilizer may not be necessary for 
premedication, However, since we have personally heard that some 
animals had fractured leg bones during induction of anesthesia, we 
recommend administration of a tranquilizer prior to induction of 


anesthesia. 


Two different opinions regarding the inspiratory pressure 
and respiratory frequency for the respirator used after the calf's chest 
is opened have been peor tade ik One recommendation is low 
inspiratory pressure (8 to 10 cm H40) and high respiratory frequency 


(36/min). It is believed that if the calf lung was inflated with the 
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same pressure as that used for the human or dog (16 to 20 cm H,0), the 


,LL3. 48, 49] 


damage to alveoli will cause deat Another recommendation 


is high inspiratory pressures (30 to 33 cm H,0) and low respiratory 


y[13, 2 | hadhe Mow ventilatory pressures (15 cm 


frequency (18 to 20/min 
H0 or less) that were used for the early experiments probably caused 
the hypoxia, hypercapnea and atelectasis that developed within one hour 
after opening the chest. The low arterial pH was corrected at the 
commencement of bypass. In later experiments high pressure, large- 
tidal-volume ventilation (750 m1) resulted in good blood gas tensions 
and prevented the atelectasis. 

A small functional patent ductus arteriosus was found in one 
animal. One animal had a functional patent foramen ovale. A patent 
ductus arteriosus should be ligated before commencing bypass. These 
defects are common in young calves, but generally close during the 
first few necks of veel adh 

Excessive bleeding from the atrial anastomosis has been a 
postoperative problem. A watertight anastomosis between the natural 
atrium and the rigid atrial graft was frequently difficult to achieve. 
The mechanical heart limited access to the anastomotic site in the 
narrow operative field. When the separate atrial silastic cuff was 
used, bleeding from the atrial anastomosis ceased to be a problem. 
Qozing from several sites occurred when cardiopulmonary bybaee was 
employed for more than 90 minutes. In order to minimize this, as 
much dissection as possible was performed prior to administration of 
heparin. 


The low cardiac output syndrome is one of the most difficult 
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problems to overcome. The cardiac output of our prosthetic heart is 
mainly controlled by venous return. Animals that showed good recovery 
after replacement of their natural heart with an artificial heart, 

and survived more than 12 hours, had a maximum cardiac output of 60 to 
70 ml/kg/min throughout the experiment. All but one of these suffered 
from a minor degree of low cardiac output. Most ferry Pree the 
diaphragm-type MK IX artificial heart suffered from a major degree of 
low cardiac output. This was caused by poor venous return due to 
compression of the inferior vena cava and was a result of the large 
size, heavy weight, and angular shape of the heart 04! | An ideal 
prosthetic heart should be the same weight as a natural heart and 
should be contained within the natural pericardium. 

All animals that were spared acute pulmonary complication, 
accidental death, mechanical failure or low cardiac output, finally 
succumbed as a result of convulsions brought on by thromboembolism. 
Postmortem examination revaated that the prebiolized natural rubber 
sac-type artificial heart formed large thrombi at the bottom of the 
ventricles. However, the diaphragm-type artificial heart, which had 
the inside of the ventricles coated with a thin film of silicone rubber, 
formed fibrin thrombi at the junction between the chamber and the 
silastic diaphragm. Material coated with monomolecular layered 
undenatured albuminees! treated by aldehyder o> or coated over with 
plastic material has proved to be too thrombogenic to be used in the 
artificial heart. The surface of a ventricle which has Dacron fibrils 
coated with fetal fibroblasts proved to have reasonable antithrombo- 
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Most mechanical failures and accidents are preventable. 

Acute pulmonary complication after the termination of cardio- 
pulmonary bypass and employment of a total artificial heart is a strange 
type of pulmonary insufficiency and many animals suffered from it, with 
varying degrees of severity. In animals that did not suffer severe 
acute pulmonary complication and had good postoperative recovery, the 
pulmonary function gradually deteriorated as the pumping time increased 
until they could no longer support themselves with spontaneous 
respiration. 

The details of acute pulmonary complication are described 


and discussed in the following pages. 


B. Pulmonary Complication in the Acute Phase 


Thts section describes and discusses the postoperative changes 
in pulmonary arterial pressure, systemic arterial pressure and arterial 
blood gas examinations during the acute phase. The acute phase begins 
at commencement of artificial heart pumping and ends after four hours 
of pumping. During this period all animals were mechanically ventilated. 
Histological findings of the lungs from the animals that died in this 
period due to various causes are also described. 

Twenty of 22 animals had the pulmonary arterial pressure moni- 
tored in the postoperative period. Nine of these animals had a sac-type 
artificial heart and 11 animals had a diaphragm-type artificial heart. 
In an attempt to diminish postoperative pulmonary complication five 
animals were treated with Methylprednisolone. One of these animals 


had a sac-type artificial heart and four had a diaphragm-type artificial 
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heart. A total of two grams of Methylprednisolone, given in four equal 
doses, were administered at fixed periods during the operation. The 
first dose was given after establishment of the venous cutdown; the 
second was given just prior to going on partial bypass; the third was 
given just after going on total bypass; the last dose was given just 


prior to termination of bypass. 


1. Postoperative Pulmonary Arterial Pressure 


In five animals the mean pulmonary arterial pressure (PAP) 
was measured by inserting a catheter via the left jugular vein before 
the chest was opened. The normal PAP of calves was between 10 and 
20 mm Hg. 

Table 3 shows the postoperative maximum PAP, the duration 
of PAP higher. than 30 mm Hg, the total cardiopulmonary bypass time, 
the mean systemic arterial pressure at the time of maximum PAP, and 
the type of artificial heart placed in the animals. 

Most animals developed a maximum PAP between 40 and 65 mm Hg 
after pumping with the artificial heart. ‘Three animals developed a 
maximum PAP higher than 70 mm Hg and two of these animals were sacrificed 
due to acute pulmonary complication. Two animals that underwent total 
cardiopulmonary bypass for more than 100 minutes were sacrificed due 
to acute pulmonary edema after less than two hours of pumping. Thus, 
fatal acute pulmonary complications develop in animals that either have 
a prolonged cardiopulmonary bypass (greater than 100 minutes), or develop 


a high postoperative PAP ( greater than 70 mm Hg). 
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TABLE 3 
POSTOPERATIVE BLOOD PRESSURES AND BYPASS DURATION 


Exp Max PAP PAP>30 CPB SAP Heart 
No (mm Hg) (min) (min) (mmHg) — Type Comments 
] 60 40 77 ~—s*«100/60 Sac 

2 60 . TBs: 80/40 Sac 

o*3 75 * 60 50/30 Sac 

4 60 40 62 80/40 Sac 

5 35 5 62 80/40 Sac 

6 35 15 69 60/20 Sac 

7 45 135 73 100/80 Sac 

8 40 45 _ ,8ke 100780 Sac MPS 
grr 70 *(510) 62 90/30 Sac 

10-12 Note: Appendage. Replaced by hypothermia 

13 45 20 78 100/40 MK IX 

14 65 40 84 90/38 MK IX 

1 oe) * (260) 75 100/60 MK IX 

16 60 125 87 70/40 MK IX 

7h 75 80 79 120/50 MK IX 

18 oo 150 63 60/40 MK IX 

19 57 80 63 60/40 MK IX 

20 28 Die 90 100/40 MK IX MPS 
21** 50 30 110 90/50' MK IX MPS 
22 40 ae 76 85/55 MK XII MPS 
23 ~ - 70 120/50 MK XII MPS 
c4x* ~ - 110 80/34 MK XII 

20 40 20 re 100/20 MK XII MPS 


* Throughout the experiment 
** Sacrificed due to acute pulmonary complication 
- No monitoring 
PAP - Pulmonary arterial pressure 
CPB - Total cardiopulmonary bypass time 
SAP - Systemic arterial pressure at the time of maximum PAP 
MPS - Treated with Methylprednisolone 
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There was no relation between the postoperative maximum PAP 
and the duration of total cardiopulmonary bypass. Neither was there 
any relation between the postoperative maximum PAP and the type of 
artificial heart used. All the animals treated with Methylprednisolone 
showed a postoperative maximum PAP of less than 55 mm Hg (Fig. 24). 

The duration of PAP higher than 30 mm Hg varied considerably 
(Fig. 25). In 11 of 20 animals the PAP decreased to less than 30 mm Hg 
before one hour of pumping. Two animals maintained a PAP higher than 
30 mm Hg for one to two hours of pumping. In two other animals the 
PAP was higher than 30 mm Hg for more than four hours of pumping. The 
PAP in five animals treated with Methylprednisolone decreased to less— 
than 30 mm Hg within an hour after the onset of pumping by the artificial 
heart. Two animals were sacrificed, one due to severe acute pulmonary 
complication and one after an accident, before the PAP had decreased 


to less than 30 mm Hg. 


The time course of the postoperative PAP varied with the 
type of artificial heart and administration of Methylprednisolone. 
The animals are divided into thre groups: sac-type artificial heart 
group, diaphragm-type artificial heart, and Methylprednisolone group 


(regardless of type of artificial heart). 
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Fig. 24 The postoperative maximum pulmonary arterial pressure and 
the duration of total cardiopulmonary bypass for each 
type of artificial heart used. 
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DURATION OF PA.P HIGHER THAN 30 mmHg 


Fig. 25 The duration of elevated pulmonary arterial 
pressure for each group. 
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a. Sac-type artificial heart group 

Table 4 shows the postoperative PAP of each animal. Three 
of eight animals showed a maximum PAP between 35 and 75 mm Hg 
immediately after pumping commenced. Four animals showed a maximum 
PAP between 35 and 60 mm Hg after five minutes of pumping. In‘ one 
animal the PAP increased gradually to a maximum of 70 mm Hg after 20 
minutes of pumping and during the following 15 minutes the PAP decreased 
gradually to between 35 and 45 mm Hg. In most animals the PAP decreased 
to less than 30 mm Hg after 40 minutes of pumping. One animal still 
maintained a PAP higher than 40 mm Hg after three hours of pumping and 
this resulted in poor pulmonary function. In the one animal in which 
the left air driving line was kinked 28 minutes after pumping began, 
the PAP rose to 50 mm Hg in the next ten minutes. Because we were 
unaware of this kinking, the right ventricle continued to be driven 
as usual. One animal Showed a maximum PAP of 75 mm Hg and expelled 
a large amount of frothy fluid through the endotracheal tube; its 


PAP was 60 mm Hg at the termination of the experiment. 


b. Diaphragm-type artificial heart group 

In this series the postoperative condition of each animal 
was more varied than that of the animals in the sac-type artificial 
heart group. Table 5 shows the postoperative PAP of each animal 
Two of seven animals showed a maximum PAP of between 60 and 75 mm Hg 
immediately after pumping commenced. Three animals showed a maximum 
level of 55 mm Hg after approximately 15 minutes of pumping. In most 
animals the PAP decreased slowly in 30 minutes from its maximum to 


between 40 and 55 mm Hg. After an hour of pumping five of seven animals 
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TABLE 4 


POSTOPERATIVE MEAN PULMONARY ARTERIAL 
PRESSURE FOLLOWING TOTAL SAC-TYPE 
ARTIFICIAL HEART REPLACEMENT 


Mean Pulmonary Arterial Pressure (mm Hg) 


Exp. No. 0 3 10 20 30 40 60 BOF) -E20ce, 1030 al 
min 


] 50 60 50 35 30 28 
Z* 320} 60 34 32 45 50 
Si ri) 68 60 50 65 


f 45 60 50 45 40 28 

5 35 30 25 

6 32 35 eh) 25 

7 45 40 Ae. 35 35 34 32 32% 32 28 


oi 65 60 65 70 68 65 og 47 = 44 42 42 


*Kink in the left air line 
tSacrificed due to acute pulmonary complication 


Zero time is when the artificial heart begins pumping. 
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maintained a PAP higher than 40 mm Hg and the other two animals had a 


PAP of less than 30 mm Hg. 


c. The treated group 

One of the five animals treated with Methylprednisolone had 
a sac-type artificial] heart and four others had dadoHeaane tte artificial 
hearts. Table 6 shows the postoperative PAP for each animal. Four of 
the five animals showed a maximum PAP between 28 and 50 mm Hg immediately 
after commencement of pumping. In the other animal the PAP reached 
a maximum level of approximately 40 mm Hg after five minutes of pumping 
and stayed at this level for fe following 30 minutes. In four of 
five animals the PAP decreased rapidly to less than 30 mm Hg before 
30 minutes of pumping. The other animal had a PAP higher than 30 


mm Hg until 40 minutes of pumping. 


d. Group ae PAP - time course for each group 

The mean vale of the postoperative PAP were calculated 
statistically for each group. These are shown in Figure 26. 

In the treated group both maximum postoperative PAP and the 
duration of PAP higher than 30 mm Hg were much less than those in the 
other groups. In these groups, immediately after pumping commenced, 
the PAP was maximum at 38 mm Hg and then decreased gradually to less 
than 30 mm Hg by 30 minutes of pumping. In the sac-type and diaphragm- 
type artificial heart groups the PAP reached a maximum of 51 mm Hg 
after five minutes of pumping. In the sac-type artificial heart group 
the PAP decreased rapidly to 37 mm Hg during the following 15 minutes 


and then gradually decreased to less than 30 mm Hg after 60 minutes of 
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Fig. 26 Postoperative pulmonary arterial pressure for 
each group. . 
MPS: Methylprednisolone 


tee 


aa — 


- 


+ 
= 


~ 
‘ 
7 = 
“a 
eer io 


—s 


3977 it~ 


29 Mt | HTIW 


= # & 


- 
i 
a ‘ 
» * - 
« 
ue 
= 
ers 
. a uf @ 
Wa. “4, 2 
ri 
‘ 
Ber. FY 
ny “ 
{ 
¥ 
me. Se ke “ors 
' 
s ie 
eg - 
‘ 
e 
+ Ss 
3 
’ 
we =* 
4 . 
: 2 2 & 
ts aoe « rE 
. 
i. se 4 


MO 


+ ee 


y 


56 


pumping. In the diaphragm-type artificial heart group the PAP decreased 
graduaily to 40 mm Hg over 30 minutes and then slowly decreased to 30 


mm Hg after two hours of pumping. 


2. Postoperative Systemic Arterial 


Pressure 


The systemic arterial pressure was monitored continuous ly 
and recorded throughout the experiments. The arterial and venous pH, 
pO. and pCO. were determined periodically. Nine animals had a sac-type 
artificial heart and one of these animals was treated with MethyIpred- 
nisolone. Thirteen animals had a diaphragm-type artificial heart and 
five of them were treated with Methylprednisolone. After pumping 
commenced the animal was mechanically ventilated with 100% oxygen. 
Closure of the chest was started after about one hour of pumping and 
the chest was completely closed in the following hour. In the acute 
phase all 22 animals were mechanically ventilated. The mean systemic 
arterial pressures (SAP), the arterial pH, pO, and pCO, are classified 


and described by group. 


a. Sac-type artificial heart group 
Table 7 shows the postoperative SAP of each animal. 
Immediately after pumping commenced, most animals showed 
a SAP between 35 and 55 mm Hg. By 10 minutes of pumping the SAP 
was higher than 60 min Hg and after 30 minutes it stabilized between 
60 and 80 mm Hg. Once the chest was closed and the animal was placed 


in the kneeling position, the SAP increased further to between 70 and 
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90 mm Hg. 

Two of eight animals were sacrificed after approximately 40 
minutes of pumping. The animal with acute pulmonary complication 
showed a SAP of about 40 mm Hg. The animal that suffered from kinking 
of the left air pipe maintained a SAP at 60 mm Hg until five minutes 
following the accident. Then the SAP decreased rapidly from 62 to 38 
mm Hg, the left atrial pressure iiereasee from 5 mm Hg to higher than 


30 mm Hg, and the right atrial pressure decreased from 3 to -2 mm Hg. 


b. Diaphragm-type artificial heart group 

Table 8 shows the postoperative SAP of each animal. 

Immediately after pumping most of the animals showed a SAP — 
between 40 and 50 mm Hg and after 10 minutes of pumping the SAP 
increased to between 50 and 70 mm Hg and stabilized. However, after 
approximately one and a half hours of pumping, when closure of the 
chest was begun, most of the animals suffered from low cardiac output 
due to compression of the inferior vena cava by the right artificial 
ventricle. In one animal that suffered severely from low cardiac 
output, the SAP decreased rapidly from 70 to 24 mm Hg after closure of 
the chest. Before the chest was closed the right atrial pressure 
was 2 mm Hg with an inferior vena caval pressure of 3 mm Hg. During 
closure of the chest the right atrial pressure decreased to -2 mm Hg 
and the inferior vena caval pressure increased to 5 mm Hg. The pressure 
gradient between the right atrium and the inferior vena cava was 10 
mm Hg just before sacrifice. 

Three of the eight animals were sacrificed before two hours 


of pumping had been completed. One died from postoperative hemorrhage, 
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another died from low cardiac output and the third died from acute 


pulmonary complication. 


c. The treated group 

Table 9 shows the postoperative SAP of each animal. 
Immediately after pumping most animals showed the SAP approximately 
60 mm Hg. After 10 minutes of pumping, in three of six animals it 
increased to approximately 80 mm Hg. In three others it decreased 
slightly and stayed between 54 and 58 mm Hg. After an hour of pumping 
four animals maintained SAP between 80 and 90 mm Hg; in two others it 
was 60 mm Hg. After the chest was closed and the animal placed in the 
kneeling position, four animals that had a sac-type or a diaphragm-type 
MK XII artificial heart showed a further SAP increase of between 80 | 
and 100 mm Hg. However the SAP decreased rapidly in two animals that 
had a diaphragm-type MK IX artificial heart. 

d. Group mean systemic arterial pressure - time 
course for each group 

The mean value of the postoperative SAP was calculated sta- 
tistically for each group. The results are shown in Figure 27. 

In both sac-type and diaphragm-type artificial heart groups 
the mean systemic arterial pressure reach approximately 60 mm Hg about 
15 minutes after pumping commenced. After the chest was closed and 
the animal placed in the kneeling position, the sac-type artificial 
heart group showed a SAP increase to 80 mm Hg. In the diaphragm-type 
artificial heart group it decreased rapidly to 40 mm Hg due to 
compression of the inferior vena cava by the artificial heart. In the 


treated group the SAP was maintained higher than 60 mm Hg immediately 
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Fig. 27 Postoperative systemic arterial pressure for 
each group. 
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after pumping and then increased gradually to 80 mm Hg. However, after 
closure of the chest was begun, the changes of the SAP were dependent 


upon the type of artificial heart used. 


In four animals that were sacrificed due to severe acute 
pulmonary complication, the SAP was lower than that of the other 


animals after pumping commenced (Table 7, 8 and 9). 


3. Postmortem Pathological Examination of the Lungs 


Eight of 22 animals were sacrificed or died in the acute 
phase. One animal was mechanically ventilated throughout the experi- 
ment and sacrificed due to severe acute pulmonary complication after ~ 
eight hours of pumping. 

This section describes the pathological findings of the lungs 
from these nine animals. 

Four of these nine animals suffered from severe acute 
pulmonary complication. Five animals were sacrificed due to various 
causes: kinking of the left air pipe, inability to close the chest 
due to the small chest cavity, air embolism, postoperative hemorrhage 
and acute low cardiac output. 

In all animals acute passive congestion was observed in the 
dorsal parts of the lower lobes of the lungs during and after cardio- 
pulmonary bypass. The upper and middle lobes did not suffer from 
this congestion. When cardiopulmonary bypass was longer than 80 


minutes, the interlobular spaces were widened and interlobular edema 
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was macroscopically observed in the dorsal parts of the lower lobes 

at termination of the bypass. As soon as the pulmonary circulation 

was restored (pumping with an artificial heart) the acute passive 
congestion disappeared quickly, while the interlobular edema disappeared 


slowly. 


If bypass lasted for more than 110 minutes, further congestion 
and edema developed (Fig. 28) and copious frothy fluid was expelled 


through the endotracheal tube after about two hours of pumping. 


Fig. 28 The lung from an animal after 110 minutes 
of cardiopulmonary bypass and 2 hours of 
artificial heart pumping. Note the marked 
degree of edematous congestion. 
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These nine animals are divided into two groups: one group 
died due to acute pulmonary complication; the other group died from 


various causes in the acute postoperative phase. 


a. Death due to acute pulmonary complication 

Three of four animals were sacrificed due to acute pulmonary 
complication after less than two hours of inane, while one animal 
was sacrificed after eight hours of pumping. Table 10 shows macroscopic 
and microscopic findings in the lungs. 

Two animals had a mean pulmonary arterial pressure higher than 
70 mm Hg after pumping began. One of these suffered from rapid pulmonary 
congestion after the start of pithy: Acute passive congestion in the 
dorsal parts of the lower lobes disappeared immediately after pumping 
began, but when the PAP reached 70 mm Hg after five minutes of pumping, 
the entire lungs were seriously congested once again. After 30 minutes 
of pumping copious frothy fluid was expelled through the endotracheal 
tube. At the postmortem examination the lungs showed dominant congestion 
and moderate edema. Intra-alveolar hemorrhage and edema were seen in the 
lobes of the lungs (Fig. 29). 

The other animal was mechanically ventilated throughout the 
experiment. Before the chest was closed the whole of both lungs was 
moderately congested, but gross edema was not seen. After eight hours of 
pumping copious bloody frothy fluid flowed through the endotracheal tube. 
The entire lungs showed a marked degree of edematous congestion and there 
was atelectasis in the lower lobes. Interlobular and intra-alveolar 


edema and hemorrhage were seen under the microscope (Fig. 30). 
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Fig. 29 The lung from an animal that had a maximum pulmonary arterial 
pressure of 75 mm Hg (sacrificed after 30 minutes of artifi- 


cial heart pumping). Note the marked intra-alveolar 
hemorrhage. (H.E. x 50) 


Fig. 30 The lung from an animal that had a maximum pulmonary arterial 
pressure of 70 mm Hg (sacrificed after 8 hours of artificial 
heart pumping). Note the marked degree of interlobular edema, 
intra-alveolar hemorrhage and edema. (H.E. x 50) 
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The other two animals underwent cardiopulmonary bypass for 
110 minutes. Marked interlobular edema developed near the termination 
of bypass. Shortly after pumping began even more edema developed and 
was accompanied by congestion in the whole of the lungs. Interlobular 
spaces were seen to be markedly widened by edema. Intra-alveolar edema 
and hemorrhage was observed. (Fig. 31) Perivascular faiMerhage was 
seen under the microscope in the lungs from the animal with a diaphragm- 


type MK IX artificial heart. 


Fig. 31 The lung from an animal after 110 minutes of cardio- 
pulmonary bypass and 2 hours of artificial heart 
pumping. Note the intra-alveolar edema. (H.E. x 100) 


Generally, the lungs from the animals that suffered from fatal 
acute pulmonary complication showed a marked degree of edematous congestion. 


Congestion, edema and hemorrhage were seen in the whole of the lungs. 
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It is possible to make the following observations: 
(1) In the lungs from animals that had a PAP higher than 
70 mm Hg postoperatively, congestion was dominant. 
(2) In the lungs from animals that underwent cardiopulmonary 


bypass for approximately two hours, edema was dominant. 


b. Death in the acute phase 

Five animals were sacrificed or died due to various causes before 
four hours of pumping. Table 11 shows the findings in the lungs. 

One animal died accidently after 28 minutes of pumping due to 
a kink in the left air-driving line. These lungs showed the greatest 
degree of congestion; viewed microscopically, severe congestion and dilated 
vessels were seen in the whole of the lung. 

In the animal whose chest could not be closed because of the 
small chest cavity compared with the heart size (diaphragm-type MK IX 
artificial heart) deterioration of the lungs was observed throughout 
the experiment. As metabolic acidosis progressed, the lungs developed 
edema and congestion. Intra-alveolar edema, interlobular hemorrhage, 
and perivascular hemorrhage were seen on microscopic examination. 

In the animal that died due to air embolism moderate congestion 
was seen in the left lower lobe, while in all other lobes such congestion 
was slight. Subpleural hemorrhage was seen fn those parts of the lungs 
which were compressed by the artificial ventricles (Fig. 32). Micro- 
scopic perivascular hemorrhage was seen in sections of the lungs. 

In the animal that suffered from severe postoperative hemorrhage, 


moderate edematous congestion was observed in the whole of the lungs. 
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On section of the lungs there was much frothy fluid in the respiratory 


tract. Microscopic examination showed edema in alveoli and interlobular 


Spaces. 


Fig. 32 The lung which was mechanically compressed by 
artificial heart. Note the subpleural and intra- 
alveolar hemorrhage. (H.E. x 50) 


One animal was sacrificed after 30 minutes of severe low cardiac 
output caused by compression of the inferior vena cava by the right 
artificial ventricle. Before the chest was closed the lungs looked 
normal; however, at postmortem (conducted 10 minutes after the chest 
was closed) both lungs showed a marked degree of edema. Intra-alveolar 
edema, interlobular edema and perivascular hemorrhage were seen under 


the microscope. (Fig. 32) 
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Fig. 33 The lung from an animal that suffered from low cardiac 
output (sacrificed after 4 hours of a MK IX artificial 
heart pumping). Note the marked intra-alveolar edema 
and perivascular hemorrhage. (H.E. x 100) 


These results can be summarized as follows: 

(1) The lungs from the animals that suffered from low cardiac 
output developed congestion and edema. 

(2) Perivascular hemorrhage was seen in the lungs from animals 


with a diaphragm-type MK IX artificial heart. 


DISCUSSION 
When cardiopulmonary bypass was used for insertion of an arti- 
ficial heart, almost all the calves developed pulmonary complication of 
various degree of severity immediately after pumping commenced. In our 
series of cardiopulmonary bypass control the macroscopic deterioration of 
the lungs was first observed in the dorsal part of the lower lobes during 


[66] 


bypass. The calf's chest has a different shape from that of a human 
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The chest cavity is narrow and deep, and the inferior vena cava is 
midway in the anterior-posterior plane. The supine position during 
Surgery is most unphysiologic. In this position the major portion of 
the lunas are below the level of the vena cava; the most dependent part 
is as low as 15 cm below the vena cava. Acute passive congestion of the 
dorsal part of the lower lobes of the lungs is thus unavoidable in this 
position, especially during cardiopulmonary bypass. After termination 
of bypass most of the control calves showed temporary pulmonary hyper- 
tension (40 and 50 mm Ha) and for approximately 30 minutes after bypass 
the mean pulmonary arterial pressure was higher than 30 mm Hq. Therefore, 
the pulmonary hyperténsion and the histological deterioration of the 
lungs which occurred in calves immediately after commencement of pumping 
are thought to be the post-perfusion pulmonary syndrome ,L26+75,78.81] 

Unphysiological pressure wave patterns generated by the artificial 
right ventricle may contribute to this problem. Pulmonary complication 
develops if the output of the right ventricle exceeds that of the left. 
The effects of these pressure wave patterns were not analysed in detail. 

The methods of ventilation after opening of the chest 
contributed to the severity of post-perfusion pulmonary complications 
in some calves. After the chest was opened most of the animals were 
mechanically ventilated with high pressure and a large tidal VoTumett 3251 
Some animals, both controls and total artificial heart replacements, 
were manually ventilated until starting cardiopulmonary bypass. The animals 
that were manually ventilated seemed to be in better pulmonary condition 
after bypass than those ventilated mechanically. 


One of the primary surgical problems is cardiopulmonary bypass 
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time. When cardiopulmonary bypass exceeds 80 minutes, the chances for 
recovery rapidly diminisnee4. In the lungs from the animals that 
underwent bypass for more than 80 minutes, interlobular edema was 
observed at the termination of bypass. When bypass exceeded 100 minutes, 
the changes developed further and the animals died from pulmonary edema. 
Although new and improved equipment for extracorporeal circulation has 
prolonged the duration of safe total body perfusion in humans, post- 
perfusion pulmonary syndrome is still a serious problem in calves. 
Numerous explanations for these pulmonary complications have been advanced, 
including immaturity of the calf lung, excessive positive pressure 
ventilation- eg. improper eee Ma and too rapid cessation 

of cardiopulmonary bupeceee eee Although we tried the measures 
suggested, no improvement was obtained. To see whether or not immaturity 
of the lung was important an animal weighing 110 kg was used for 
replacement with an artificial heart. The maximum pulmonary arterial 
pressures was 55 mm Hg shortly after pumping and remained higher than 

30 mm Hg for approximately two hours. This shows that the species is 
more important than the maturity of the lung. Therefore, the reduction 
of eines bypass time to a minimum is one of the most important 
factors in reducing the post-perfusion pulmonary complication. Attention 
was focused on those steps of the anastomoses which were the most time 
consuming. As a result atrial cuffs with four tapes were used, and the 
artificial and natural aorta and pulmonary artery were anastomosed by 
tying the vessels over rigid teflon connectors. Particularly when a 


calf is used for the experiment, the shortness of the ascending aorta 


makes suture anastomosis difficult. 
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The time from commencement of pumping to closure of the chest 
was also important. In the spine position insufficient venous return 
to the right atrium occurs, even though the fluid balance was reasonable 
and the inferior vena cava was not obstructed. After the chest was 
closed and the animal was placed in the kneeling position, the mean 
systemic arterial pressure increased. Therefore, it is important that 
the animal with an artificial heart is placed in the kneeling position 
aS soon as possible after pumping commences. 

In early replacements excessive bleeding from the atrial 
anastomosis was a major postoperative problem. Leak-free anastomoses 
were difficult to achieve. ders when the atrial cuffs separate from 
the ventricles were used, postoperative bleeding was markedly reduced, 
saving 30 minutes of operative time. 

In most of the animals postoperative pulmonary hypertension 
was encountered. Pulmonary edema frequently occurred around the 
termination of cardiopulmonary bypass and developed further during the 
transition from cardiopulmonary bypass to the artificial heart. Even 
though the pump rate and pressure were gradually increased as cardiopul- 
monary bypass flow was reduced and residual fluid in the cardiopulmonary 
bypass circuit was gradually infused to maintain right atrial pressure 
within acceptable limits, postoperative pulmonary hypertension and edema 
occurred. Generally, pulmonary hypertension was treated first by making 
adjustments in the pump driving consoles to increase left ventricular 
output if possible, or by decreasing right ventricular output if possible 
and by frequently inflating the lungs with positive pressure between 30 


and 35 mm H.0. Continual pumping console adjustments were necessary 
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during the transition from cardiopulmonary bypass to the artificial heart. 
In order to reduce pulmonary edema to a minimum, an intravenous diuretic 
was given before termination of the cardiopulmonary bypass and after 
pumping with only the artificial ee a Approximately one liter 
of urine output was obtained after two hours of pumping in cases where 
the systemic arterial pressure was maintained at the acceptable level. 

In order to reduce postoperative pulmonary complication 
following cardiopulmonary bypass corticosteroid was given to the animals 


[ 22, 59] The treated animals showed lower | 


before and during bypass 
postoperative pulmonary arterial pressure and better arterial blood 

gas extensions than those of the untreated animals. Furthermore the 
Systemic arterial pressure of the treated animals was maintained at a 
higher level than that of the untreated ones. In our experiments the 
pretreatment of animals with pharmacologic large doses of steroids 
before and during cardiopulmonary bypass decreased the pulmonary arterial 
resistance following bypass. Steroids given in large doses are said to 


Die, 72] 


act as vasodilators Such a vasodilatating action could produce 


better peripheral tissue perfusion and diminish anaerobic metabolism 
[50,71 5 7351 


and prevent metabolic acidosis When the pulmonary arterial 


pressure exceeds 40 mm Hg after pumping, it is necessary to reduce the 
right ventricular pump pressure. However, this causes the decrease in 
the left ventricular output, leading to metabolic acidosis. -This 

3 ; ; ; dash OnOgOlA 
acidosis then contributes to pulmonary arterial vasoconstriction . 
Thus, a vicious circle arises. 


C. Pulmonary Changes in the Subacute Phase 


By the time the chest was closed and the animal was placed in 
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the kneeling position two hours of pumping had elapsed. Most of the 
animals were allowed to breathe spontaneously after four hours of 
pumping. The subacute phase is defined as the period from four hours 
to 48 hours after the start of pumping with the artificial heart. 

The nine animals that died in the acute phase have already been 
discussed. This section describes and discusses the pulmonary function 
of the subacute phase and the postmortem pathological examinations of 
the lungs from 13 animals. These 13 animals died due to a variety of 
causes. The duration of pumping varied between six and 33 hours. If 
the 13 animals are grouped according to cause of death, then the pulmon- 
ary changes in the subacute phase are easy to understand. The animals 
that died due to any one cause had many points of similarity in their 
postoperative course. Two of 13 animals died accidently after 
eight hours of pumping; six animals died of low cardiac output after 
six to eight hours of pumping and five animals died of thromboembolism 
after 18 to 33 hours of pumping. 

Lactic acid and pyruvic acid concentrations were determined 
in four animals which died of low cardiac output. The preoperative 
lactic acid concentrations were 9.5+4.5 mg% with pyruvic acid concen- 
tration of 0.41+0.09 mg%. In these four animals at the termination of 
the experiment, lactic acid concentration was between 140 and 354 mg% 
with pyruvic acid concentration of between 2.1 and 8.7 mg%. Base 
excess in six animals which died of low cardiac output reach -8 and -19 
at the termination of the experiment. Cardiac output in three of these 


six animals was calculated by the dye dilution method and their cardiac 


outputs were only between 30 and 40 m1/kg/min after four hours of 
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78 
pumping. 


An increase in the pulmonary arterial pressure was present 
in five of the six animals around termination of the experiment. After 
approximately two. hours of pumping the mean pulmonary arterial pressure 
of these animals decreased to less than 30 mm Hg and then was maintained 
at a level of between 10 and 25 mm Hg until approximately an hour prior 
to termination of the experiment. The mean value of the arterial pH 
of these five animals decreased graduaily to 7.34 two hours prior to 
termination of the experiment. Then the pulmonary arterial pressure 


increased from 20 to 30 mm Hg during an hour prior to termination of 


the experiment and the arterial pH decreased from 7.29 to 7.19 (Fig. 34). 


fl 


PAP mmHg 


3 2 ] fe) 


HOURS BEFORE TERMINATION 
OF EXPERIMENT 


Fig. 34 The change in mean pulmonary arterial pressure 
and pH at termination of the experiment in 
animals that died due to low cardiac output. 
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One of the animals maintained the pulmonary arterial pressure at the 
level of between 20 and 18 mm Hg with the arterial pH of 7.52 + 0.02 
controlled by administration of sodium bicarbonate until termination 


of the experiment. 


1. Death Due to Convulsion Caused by Thromboembolism 


Among five animals that peered death due to convulsion, 
one was mechanically assisted to breathe during the stable stage, 
which was approximately five hours after pumping to the occurrence of 
convulsion, and then was mechanically ventilated. Three others were 
allowed to breathe spontaneously during the stable stage with the 
supply of nasal oxygen and mechanically ventilated after occurrence 
Of convulsion. The last one was allowed to breathe spontaneously 
with nasal oxygen from five hours after pumping to termination of the 
experiment. " 

These five animals attempted to stand up many times and passed 
a large amount of urine in the postoperative period. 

During the stable stage the arterial pH was maintained at the 
level of 7.40 + 0.02 without administration of sodium bicarbonate. The 
arterial oxygen saturation was at a reasonable level with the arterial 
pCo., of 40 + 3 mm Hg. HCO.” concentration was 24 + 2.5 milliequivalents 
with base excess of 0 + 2. The mean systemic arterial pressure was 
maintained at the level of between 80 and 90 mm Hg. Cardiac output 
was calculated in three animals by the dye dilution method, and their 
cardiac output was 70 to 90 ml/kg/min at maximum. Lactic acid and 


pyruvic acid concentrations were 70 + 2 mg% and 1.0 + 0.1 mg% throughout 
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the experiment. These acid concentrations were markedly lower than 
those of the animals that suffered from death due to low cardiac output. 
None of the five animals were given sodium bicarbonate to control the 
arterial pH during the stable stage. The acid-base balance during the 
stable stage was normal. The first convulsions to attack the animals 
were of two types: one was a minor convulsion, which gradually changed 
into a more severe convulsion of greater frequency and duration; the 
other was a major convulsion, which killed the animal soon after. Four 
of the five animals were first attacked by minor convulsions after 12, 
14, 24 and 27 hours of pumping respectively. One animal was attacked 
by a major convulsion after 32 hours of pumping. 

Four animals which gradually suffered from progressive dia- 
stolic hypotension and died approximately between six and eight hours 
after the first convulsions. On the other hand, after a first major 
convulsion attack the tidal volume of the other animal decreased rapidly 
to between BpUEOT he eelusd and 100 ml with difficulty in breathing. 
Thirty minutes after the first attack the animal expired. 

The pulmonary arterial pressure was continuously monitored 
throughout the experiment in two of the animals. In the other three 
animals it was not monitored ieaneceouinat ian of the experiment 
because the pulmonary pressure line was clotted or taken out in the 
stable stage. After approximately two hours of pumping the PAP was 
stable at the level of between 20 and 25 mm Hg. Then, once minor con- 
vulsion attacked the animals, the PAP increased gradually and the 
arterial pH decreased progressively. Three hours after the first attack 


of convulsions the PAP increased gradually and finally reached 44 mm Hg 
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with a decrease in the arterial pH of 7.20 (Fig. 35). 

Figure 36 shows the blood pressures from one of the animals. 
After 24 hours of pumping the first short minor convulsion attacked the 
animal. The general condition of the animal and the blood gas examin- 
ations were still reasonable for the next two hours. However, as the 
minor convulsion changed into more: severe convulsions of greater 
frequency and duration, the animal gradually developed systolic hypo- 
tension, accompanied with increases in the pulmonary arterial pressure 
and the left atrial pressure. Six hours after the first minor convul- 
sions the animal developed widening of the systolic pressure and 


diastolic hypotension. 


Se any eee 2 0 
HOURS BEFORE TERMINATION 
OF EXPERIMENT 


Fig. 35 The change in mean pulmonary arterial pressure 
and pH at termination of the experiment in 
animals that died due to convulsions. 
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Fig. 36 Blood pressures from an aninal that 
had the first minor convulsion after 
24 hours of pumping. 
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2. Postmortem Pathological Examination of the Lungs 


The lungs from 13 animals that died due to various causes 
in the subacute phase were examined macroscopically and microscopically. 
In all animals acute passive congestion was observed in the dorsal 
parts of the lower lobes of the lungs during and after cardiopulmonary 
bypass. In some animals the interlobular edema was sadn Slightly in 
the dorsal parts of the lower lobes at; termination of bypass. However, 
as soon as pulmonary circulation was recommenced by pumping with an 
artificial heart, acute passive congestion in the dorsal parts of the 
lower lobes disappeared quickly and interlobular edema disappeared 
gradually. As the chest was closed, the lungs appeared normal. 

In two animals that suffered from accidental death, the lungs 
were deteriorated to a minor degree of severity. Most parts of the 
upper and middle lobes preserved good aeration and normal alveolar 
arene cet ure. Thirty percent of each lung, mainly dorsal parts of 
the lower lobes, was atelectatic and slightly congested. On a section 
of congested area in the lower lobes frothy fluid was observed sparsely 
in the respiratory tract. No pieces of lung taken from multiple sites 
sank to the bottom (Table 12). 

In the animals that died due to low cardiac output the lungs 
deteriorated to a moderate degree of severity (Table 12). 

The lower lobes of the lungs were moderately edematous and 
congested. Also, atelectasis and hemorrhage were seen occasionally 
throughout the lungs. On a section of the lobes that were congested and 
edematous, a moderate amount of frothy fluid was observed in the respiratory 


tract. Pieces of lung taken from the congested lobes sank to the bottom. 
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Intra-alveolar edema and hemorrhage were seen, often accompanied by 
interlobular edema and hemorrhage. Perivascular hemorrhage was seen 
around the small pulmonary arteries in those cases in which a MK IX 


artificial heart was used (Fig. 37). 
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Fig. 37. The lung from an animal with a MK IX artificial 
heart after 8 hours of pumping. Note the peri- 
vascular hemorrhage and intra-alveolar edema. 
(H.E. x50) 
In the lungs from animals that suffered from convulsion, the 
severity of deterioration varied markedly (Table 12). Approximately 
80% of the lungs was atelectatic, edematous and congested. Much frothy 
fluid flowed from sections of the lungs. Most pieces of lung taken from 
multiple sites sank to the bottom. Severe intra-alveolar hemorrhage and 


edema were seen under the microscope. Some bronchioli were occluded by 


a large number of red blood cells and the Eosin stained material and 
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thromboemboli were found in the pulmonary vessels. 

Two animals that survived 33 and 31 hours showed excessive 
hemorrhage, atelectasis congestion and edema (Fig. 38). None of the 
lobes was normal. Normal regions, appearing like an island, were 
occasionally observed. An examination of sie pulmonary arteries 
revealed several thromboemboli riding on the bifurcation of the arteries 
and "fibrin platelet thrombi" were occasionally seen in the pulmonary 
vessels (Fig. 39). Intra-alveolar edema, hemorrhage and congestion 


were also seen. 


Fig. 38 The lungs from an animal with a sac-type artificial 
heart after 31 hours of pumping. Note the marked 
congestion, atelectasis, hemorrhage and edena. 
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Fig. 39 The lung from an animal after 33 hours of artificial 
heart pumping. Note the congestion, intra-alveolar 
edema, and fibrin platelet thrombi in the vessels. 
(ASE x. 100) 


In the animal that died soon after the first major convulsion 
approximately 40% of lower lobe tissue of the lungs was congested and 
hemorrhagic. Approximately 20% of the middle and upper lobe tissue 
was edematous (Fig. 40). A section of the pulmonary arteries reveated a 
fibrous fibrin embolus at the junction between a large pulmonary artery 
and a small pulmonary artery (Fig. 41). Sparse frothy fluid was observed 
only in edematous and congested regions. Moderate interlobular edema and 
subpleural hemorrhage were seen in the congested regions. Some small 
bronchioli contained monostructural Eosin stained material. Most parts 


of the lungs preserved good aeration and good alveolar architecture, 
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Fig. 40 The lungs from an animal that died soon after the first 
major convulsion (sacrificed after 33 hours of artificial 


heart pumping). Note the moderate congestion in the 
lower lobes. 


Fig. 4] The section of the pulmonary artery from an animal that had the 
first major convulsion after 33 hours of a MK XII artificial 
heart pumping. Note a fibrous fibrin embolus at the junction 
between a large pulmonary artery and a small pulmonary artery. 
The same material was found in the vicinity of valves and at the 
junction between the diaphragm and the housing of an artificial 
heart. 
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Deterioration of the lungs can be summarized as follows: 
(1) In the subacute phase there was no difference of functional and 
morphological changes in the lungs between the animals pretreated 
with Methylprednisolone and the untreated animals. 
(2) Severity of deterioration of the lungs was related to the severity 
of acidosis and its duration. 
(3) The animals that recovered very well after pumping and that 
suddenly suffered death from accident or major convulsions developed 
a minor degree of pulmonary deterioration. 
(4) The animals that recovered very well after pumping and then gradually 
suffered from metabolic acidosis after attacks of minor convulsions, 
developed a major degree of pulmonary deterioration. 
(5) Perivascular hemorrhage around the small pulmonary arteries was 
seen in the lungs from the animals that had a diaphragm-type MK IX 


artificial heart. 


DISCUSSION 


Low cardiac output and thromboembolism are two major factors 
contributing to the prognosis of the animals with total artificial heart 
replacement .-3*46>63.64] After the animals suffer from low cardiac 
output and/or convulsion caused by thromboemboli. Low cardiac 
output in the subacute phase is primarily caused by compression of 
the venous system by the artificial heart. If the artificial heart is 
larger than its physiological space, i.e., the pericardium, relatively 


rigid chambers will compress the surrounding soft veins. If the heart 
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has too large an antero-posterior diameter, the chest wall will compress 
the inferior vena cava and pulmonary veins by pushing the heart against 
them. If the width of the heart is too great, it will compress the 
pulmonary venous system and the inferior vena cava. When the diaphragm- 
type MK IX artificial heart was used, the inferior vena cava was always 
compressed by the heart after the chest was closed. In order to avoid 
this complication a larger experimental animal weighing 110 kg was used 
but the animal suffered from compression of the inferior vena cava. 

The second mechanical problem is the weight of the artificial 
heart, particularly the ventricle. If the artificial heart is excessively 
heavy, the intrathoracic venous system will be compressed in the supine 
position and stretched in the kneeling position. The inferior vena cava 
is easily affected by these problems because it is separate from the 
chest wall and positioned at the middle of the depth of the thorax. 

The angle of anastomosis between the natural right atrium and 
the artificial atrium (graft or cuff) is important in order to obtain 
good venous return from the inferior vena cava. Even though the proper 
angle was kept He fore closure of the chest, the angle changed inside 
the chest after closure. Usually this did not produce any kinking of 
the artificial atrium; however, on rare occasions the rim of the right 
atrial cuff pushed the natural atrial wall against the chest wall and 
occluded the orifice of the inferior vena cava. 

The diaphragm-type MK XII artificial heart which was smaller by 
25% than the MK IX heart partially resolved these problems. 

Thromboembolism is a serious problem in the animals that survive 


for more than 24 hours Pe There are two places which produce thrombi 
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in the subacute phase: one is inside the artificial heart and the other 
is inside the monitoring pressure lines. Since the thrombus formation 
inside the artificial heart has been described and discussed in the 
previous section it is omitted here. 

Thrombus formation inside the moni toring pressure lines is not 
a problem to be overlooked. Heparin was neutralized by Protamine- 
sulphate after pumping and the whole blood clotting time was controlled 
to between 8 and 12 minutes throughout the exveriment, if possible. 

In most animals that survived for more than eight hours the monitoring 
pressure lines were so often clotted that they had to be flushed out. 
In the series of bypass control one of the animals suffered death from 
convulsions after 24 hours of bypass. The Systemic arterial pressure 
line was often flushed out before the animal suffered from convulsions. 
At autopsy a thromboembolus was observed in the left thalamus of the 
brain. Focal infarcts were occasionally found in the kidneys and thrombo- 
emboli were seen in the renal arteries. No thrombus was found inside 
the heart. Therefore, in the later experiments the pulmonary arterial, 
the right atrial and left atrial pressure lines were pulled out just 
before closure of the chest. The. systemic arterial and the central 
venous lines were left for the arterial blood examinations and infusion 
of fluids. 

Qnce the animal suffered from either low cardiac output due 
to compression of the inferior vena cava by the artificial heart or 
convulsions caused by thromboembolism, the pulmonary function gradually 
deteriorated, and there was marked edematous congestion in the lungs. 


18,34,68] . 
Metabolic acidosis due to low cardiac atiras cd Tncreases 
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[21,32] Also, aerobic oxidation of carbohydrate 


the adrenal secretion 
(tricarboxylic acid cycle) is reduced and is accompanied by an accumulation 
of pyruvic acid and lactic dae These agents contribute to the 
pulmonary deterioration. Simultaneously, sodium is accumulated in the 

body because urine output decreases due to low renal perfusion and also 
because sodium bicarbonate is given. intermittently in ander to maintain 

an acceptable pH. Pulmonary edema is also associated with this sodium 
retentiont 27], 

After the animal suffers from convulsions, alterations in the 


acid-base balance occur due to metabolic acidosis, -9»34] 


Thrombo- 
embolism contributes to the production of serotonin and cathecholamines, 
and to the liberation of histamine. These agents contribute to an 
increasing pulmonary capillary pressure and cause an increase in 
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Perivascular hemorrhage strongly suggests tissue hydowmee ur 00 
It was only seen in the lungs and brains from animals with diaphragm-type 
MK IX artificial heart implants. Even though the animals that had either a 
sac-type artificial heart or diaphragm-type MK XII artificial heart suffered 
from severe metabolic acidosis, perivascular hemorrhage was not seen 

in any organs. It seems that another factor contributes to the occurrence 
of perivascular hemorrhage. The pressure wave pattern of a diaphragm- 

type MK IX artificial heart shows a sharp systolic dp/dt with a rapid 
diastolic descent (Fig.8). The pressure wave pattern of either a sac- 

type artificial heart or a diaphragm-type MK XII artificial heart shows 

a moderate systolic dp/dt with a slow diastolic descent (Fig. 4, 9). When 


the small peripheral arteries become frail due to severe metabolic 
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acidosis they cannot withstand the sharp arterial pressure 


wave pattern, and leak both plasma and erythrocytes. 
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CHAPTER IV 


SUMMARY AND CONCLUSIONS 


From November 1971 to November 1972 the natural heart in 22 
calves weighing between 65 and 90 kg was replaced with a total artificial 
heart. During the replacement cardiopulmonary bypass was used to 
Support the animal. Nine of these artificial hearts were sac-type 
and 13 were diaphragm-type design. 

Of the 22 animals receiving an arti“icial heart, six had 
good postoperative recovery. They all passed a large amount of urine, 
responded to sight and sound and attempted to stand up several times. 
Three of these six animals survived more than 30 hours with an 
artificial heart. The maximum survival time was 33 hours. 

Seven of the 22 animals died within eight hours of pumping 
as a result of low cardiac output, primarily due to compression of 
the inferior vena cava by the artificial heart. Five animals died due 
to convulsion caused by thromboembolism after 18 to 33 hours of pumping. 
Four others died from severe acute pulmonary complication within four 
hours after pumping commenced and $4% died due to miscellaneous causes 
(two mechanical failures, two surgical failures and two accidents). 

Of the nine animals with a sac-type artificial heart, four 
died due to convulsion, and two due to severe acute pulmonary complication. 
Three animals died of other causes (one accident, one mechanical failure 
and one low cardiac output). Of the 13 animals with a diaphragm-type 


artificial heart, six died due to low cardiac output and two due to 
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severe acute pulmonary complication. Five animals died from other 
causes (two surgical failures, one mechanical failure, one accident and 
one convulsion). Therefore, low cardiac output, thromboembolism and 
acute pulmonary complication were the three common causes of death. 

Most of the animals showed mean pulmonary arterial pressures 
(PAP) between 40 and 65 mm Hg which-reached a maximum after five minutes 
of pumping with the artificial heart. Of the three animals with maximum 
PAP higher than 70 mm Hg, two were sacrificed due to severe acute 
pulmonary complication. Both animals that underwent total cardio- 
pulmonary bypass for about two hours were sacrificed due to severe acute 
pulmonary edema after two hours of pumping with an artificial heart.. 
There was no correlation between the postoperative maximum PAP and the 
type of artificial heart used. However, the five animals pretreated 
with Methylprednisolone showed a postoperative maximum PAP less than 
50 mm Hg which was much lower than that of the untreated animals. 

In half of ee animals with an artificial heart, the PAP 
decreased gradually to less than 30 mm Hg within an hour after 
pumping began. Two animals maintained PAP higher than 30 mm Hg for 
a two hour postoperative period and two for more than four hours of 
pumping. In five animals erekiea with peep Redn#olene the PAP 
decreased rapidly to 28 mm Hg after 30 minutes of pumping. 

The mean systemic arterial pressure (SAP) reached 60 mm Hg 
after ten minutes of pumping, and was maintained between 60 and 70 mm 
Hg until the animal's chest was closed. In the animals with a sac-type 
artificial heart the SAP increased further to between 70 and 90 mm Hg 


after the chest was closed and the animals were placed in the kneeling 
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position. However, in most of the animals with a diaphragm-type artificial 
heart the SAP decreased to between 40 and 50 mm Hg after the chest 
was closed because the artificial heart compressed the inferior vena 
cava. 

The mean arterial oxygen saturation was approximately 70% 
with a pco. of 30 to 40 mm Hg immediately after pumping commenced. After 
approximately one and a half hours of pumping the arterial oxygen 
saturation of the animals with a sac-type artificial heart increased 
to 95% with a decrease in pC0., while that of the animals with a 
diaphragm-type artificial heart was approximately 80% with an increase 
in pC0,. In the animals treated with Methylprednisolone the arterial 
oxygen saturation was 90% immediately after pumping commenced and 
after one and a half hours of pumping it was 98% with a respiratory 
alkalosis. 

In all animals acute passive congestion was observed in the 
dorsal parts of the lower lobes of the lungs during and after cardio- 
pulmonary bypass. In most of the animals that underwent cardiopulmonary 
bypass for more than 80 minutes the interlobular edema was observed in 
the dorsal parts of the lower lobes around termination of bypass. As 
soon as the pulmonary circulation was recommenced by pumping with the 
artificial heart, the acute passive congestion disappeared quickly, and 
the interlobular edema faded slowly. However, if the PAP increased to 
higher than 70 mm Hg, the lungs became congested and finally copious 
amounts of frothy, hemorrhagic fluid were expelled through the endo- 


tracheal tube. At postmortem examination the lungs showed dominant 


congestion. In the animals that underwent cardiopulmonary bypass for 
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approximately two hours, there was a marked development of interlobular 
edema as the pumping time increased. The animals expelled frothy fluid 
through the endotracheal tube. At autopsy the lungs showed dominant 
edema. 

Qf the nine animals that died in the acute phase, four suffered 
from severe acute pulmonary complication, two from suitaitca | failure, 
and three from mechanical failure, accident, and low cardiac output 
respectively. 

Of the 13 animals that died in the subacute phase, one died 
from mechanical failure, one from an accident after eight hours of pumping, 
six from low cardiac output with six to eight hours of pumping, and five 
from convulsions after 18 to 33 hours of pumping. 

The two animals that suffered either mechanical failure or 
accident maintained a reasonable level of arterial oxygen saturation, a 
mean pH 7.40, pco, 32 + 2 and base excess -3 milliequivalents per liter 
unti | termination of the experiments. At postmortem examination the 
dorsal parts of the lower lobes of the lungs were slightly congested 
and edematous. 

Of the six animals that suffered from low cardiac output, 

a severe metabolic acidosis was eet in four with mean pH 7.28, 

pco. 30 mm Hg, and base excess -12 milliequivalents per liter. Approx- 
imately an hour before termination of the experiment one other animal 
developed combined metabolic and respiratory acidosis. The last animal 
showed respiratory alkalosis with renal compensation. An increase in 

the PAP was present in five animals around termination of the experiment, 


as the arterial pH decreased. At autopsy approximately 80% of each 
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lung showed atelectasis. Moderate congestion, edema and hemorrhage 

were seen throughout the lungs and perivascular hemorrhage was found 
in the lungs from the animals with a diaphragm-type MK IX artificial 
heart. 

All five animals that died of convulsions maintained reasonable 
levels of pH, po. and pCO. during the stable stage. This lasted from 
approximately five hours after pumping commenced until the occurrence 
of convulsion. The acid-base balance during the stable stage was normal 
(pH 7.40 + 0.02, pco, 40 + 3 mm Hg, and base excess 0 + 2). Four 
of five animals first had a minor convulsion after 12, 14, 24 or 27 
hours of pumping. As these minor convulsions gradually changed into 
more severe convulsions of greater frequency and duration, two animals 
developed respiratory acidosis; the other two developed metabolic 
acidosis. The PAP increased gradually after approximately two hours of 
convulsions and finally reached 45 mm Hg. Simultaneously, the arterial 
pH decreased from 7.40 to 7.20 during the last four hours of pumping. 
At postmortem examination 80% of each lung showed atelectasis. Severe 
congestion, hemorrhage, and moderate edema were seen throughout the 
lungs. On the other hand, the last animal had major convulsions without 
warning and expired 30 minutes later? At autopsy moderate congestion, 
hemorrhage and slight edema were seen in the lower parts of lower lobes 


of the lungs. 
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APPENDIX 


Deep hypothermia and complete circulatory arrest was employed 
in order to avoid the initial blood trauma and post-perfusion pulmonary 
syndromes due to cardiopulmonary bypass. Three calves weighing between 


70 and 90 kg had an artificial heart replacement using this technique. 


1. Method of Deep Hypothermia _and Rewarming 


The day before an experiment the animal's body hair was clipped. 

Thirty minutes after premedication with Trifluopromazine 0.3 mg/kg and 
Atropine 0.015 mg/kg, halothane was used for induction and intubation. 
Before cooling catheters for arterial and venous pressure monitoring, 
blood sampling and fluid administration were inserted through the 

femoral vessels. Electrodes for electrocardiogram and electroenceph- 
alogram, thermistor probes for midesophageal and midrectal temperatures 
were put in place. After the anesthetic level reached the third plane 

of the third stage of anes thesia (0.8 - 1.5% halothane and spontaneous 
respiration), the animal was cooled in an ice water tub (Fig. 42). 

10% low molecular weight dextran (10 ml/kg) was given intravenous ly 
during the cooling period between 35° and 28°C. At 28°C rectal 
temperature Trifluopromazine (0.3 mg/kg) and Heparin (1 - 1.5 mg/kg) 
were given intravenously. After the body temperature fell below 28°C 
the animal was ventilated manually and halothane was decreased to 0.3 


to 0.5%. Cooling was terminated at a rectal temperature between 24°C 
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and 21°C. The animal was hyperventilated to cause as much respiratory 
alkalosis as possible prior to circulatory arrest. If this is not done 
ventricular fibrillation is likely to occur around 22°C rectal temper- 
ature. After termination of cooling the Poem annaiakure usual ly 
drifted down 3° to 5°C. Circulatory arrest time was approximately 50 


minutes. 


Fig. 42 A calf is cooled in an ice water tub. 
After the body temperature falls below 28°C, 
the animal is ventilated manually, and 
hyperventilated to cause as much respiratory 
alkalosis as possible prior to circulation 
arrest. 
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About one minute before commencement of pumping with an 
artificial heart the animal was mechanically ventilated at a low 
frequency. After completion of the surgical procedure, the animal 
was transferred into a 42°C water tub. Hyperventilation was employed 
during rewarming. Correction of acid-base imbalance was generally 
unnecessary. Rewarming was terminated at a body temperature between 


35° “and"37°C (Fig. ° 43): 


TIME COURSE OF HYPOTHERMIA 
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Fig. 43 Body temperature course during heart 
replacement with deep hypothermia. 


2. Surgical Procedure and Pumping 


After cooling was terminated the animal was very gently 
transferred onto the operating table and placed in the supine position. 
The chest was entered through a midline sternotomy. Umbilical tapes 
were passed around the superior and inferior vena cava, azygous and hemi- 


azygous veins, pulmonary artery and the aorta. After blood flow to 
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and from the heart was interrupted by occluding the vessels with umbilical 
tapes passed through tygon tourniquets, resection of heart, anastomoses, 
and priming of the artificial heart with ACD blood were performed in 
the same manner as was done when using cardiopulmonary bypass. As soon 
as both ventricles were fully primed, the tourniquets around the vessels 
were released, and both ventricles were pumped at low pressure and at 
a low pump rate. During rewarming fluid imbalance was corrected. As 
body temperature rose, the pump pressure and rate were increased. At 
approximately 28°C protamine sulphate was given until the whole blood 
clotting time returned to 10-12 minutes. After the termination of 
rewarming, the animal was transferred to a specially constructed mobile 


cage. 


3. Results 

The natural heart in three calves was replaced with a sac-type 
artificial heart. During the replacement deep hypothermia was used to 
arrest circulation. The lowest rectal temperature was between 17.5 
and 21°C. The complete circulatory arrest time was between 48 and 52 
minutes, during which time the total artificial heart replacement was 
accomplished. During rewarming these three animals had good reflexes 
in response to sound and light and breathed spontaneously with a tidal 
volume of 550 to 700 ml. This was a better result than that obtained 
using cardiopulmonary bypass. 

One of the three animals died of convulsion caused by thrombo- 
embolism immediately before termination of rewarming. At postmortem 
examination both ventricles contained fresh red blood clot which was 


attached to sac walls in the vicinity of the valves. Various sizes of 
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thromboemboli were found in the brain, lungs and kindeys. Serious 
congestion, edema and hemorrhage were seen in the regional infarct of 
the lungs (Table 13). 

Two of the three animals were sacrificed due to severe metabolic 
acidosis after 9 and 13 hours of pumping respectively (Table 13). During 
rewarming they developed combined respiratory and metabolic alkalosis 
and at the termination of rewarming they had respiratory alkalosis with 
renal compensation. Then metabolic acidosis developed (pH 7.30, pco., 28 
mm Hg, and base excess -12 milliequivalents per liter) (Fig. 44). The 
cardiac output was 3 liters per minwith 35 ml stroke volume about two 
hours after termination of rewarming and six hours of pumping. The. 
arterial oxygen saturation was maintained at reasonable levels through- 
out the experiment and the pulmonary arterial pressure was about 20 mm Hg. 
However, as metabolic acidosis progressed with an accompanying decrease 
in the ag enieg pH, the PAP increased gradually and reached 35 mm Hg 
during the last three hours of pumping (Fig. 45). At autopsy the lungs 
were in much better condition than were those from experiments using 
cardiopulmonary bypass. 

Blood evaluation at commencement of pumping showed the level of 
platelets to be much higher and the level of plasma hemoglobin much 
lower than postcardiopulmonary bypass levels. However, a fall in platelets 
and an increase in plasma hemoglobin were seen in proportion to pumping 
time. After 12 hours of pumping, the level of platelets was almost equal 


to that of experiments using cardiopulmonary bypass (Fig. 46). 
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4 Postoperative acid-base balance of animals replaced 
with a sac-type artificial heart using deep hypothermia. 


@ ; 28-30°C body temperature during rewarming 
oO ; after termination of rewarming 
<=; about a half hour before termination of experiment 
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Fig. 45 The change in mean pulmonary arterial pressure and | 
pH at termination of the experiment (using deep 
hypothermia). 
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Fig. 46 The change in the postoperative platelets counts from 
animals using cardiopulmonary bypass and deep hypothermia. 
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DISCUSSION 
Deep hypothermia was not troublesome as a method of support 
for replacement with a total artificial heart. The body temperature 
of 20°C or less was safely achieved without side effects, if adequate 
respiratory alkalosis (pH of 7.6 to 7.8) was maintained during the 


554 56 . file: | : : : 
cee i if this is not done various cardiac arrhythmias 


cooling course 
occur during the cooling processt-"4, Auricular fibrillation is one of 
the most common arrhythmias, but it is not a serious problem. Ventricular 
fibrillation is the most serious problem!!! » ee" 

One of the advantages of using hypothermia is the elimination 
of post-perfusion pulmonary complication. Before the animals developed 
fet enedae acidosis the pulmonary arterial pressure was between 18 and 
24 mm Hg and the blood gas examinations showed reasonable ‘evels. 
However, if the animals suffered from low cardiac output during and 
after rewarming, they developed metabolic acidosis more rapidly than 
the animals using cardiopulmonary bypass. At the postmortem examination 
the morphological changes of the lungs were found to have occurred 
throughout the whole lungs with a minor degree of severity. On the other 
hand, in the animals using cardiopulmonary bypass the most serious 
changes occurred in the lower parts of lower lobes. These findings 
strongly suggest that the pulmonary deterioration of the animals using 
cardiopulmonary bypass in the supine position initially develops in the 
lower parts of the lower iohene 


Hypothermia accomplished its purpose of eliminating the initial 


blood trauma due to cardiopulmonary bypass; however, after 12 hours 
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of pumping platelets decreased to almost the same level as that of the 


animals using pace 


5. Summary 


Three calves were replaced with a total sac-type, air-driven 
artificial heart. During the replacement deep hypothermia and complete 
circulatory arrest was employed. One of three animals died of convulsions 
caused by thromboembolism. Two animals were sacrificed due to low 
cardiac output. The lungs from these two animals were in much better 
condition than lungs from the animals using cardiopulmonary bypass. 
Initial platelet destruction was not a problem but after pumping with 
the artificial heart for 12 hours no difference in platelet levels 


existed between cardiopulmonary bypass and deep hypothermia groups. 
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